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Chapter 1 
GENERAL INTRODUCTION 
General introduction 
Chloride cells in fish gills 
Morphology and development 
The epithelium of fish gills is a highly dynamic, sensitive and metabolically 
active tissue, composed of at least four different cell types: pavement cells, 
mucous cells, neuroepithelial cells and chloride cells (CCs; Laurent, 1984). The 
latter, also called ionocytes or mitochondria-rich (MR)-cells, which make up 
about 10% of the volume of gill cells (Munger et al., 1991), play an important 
role in ion transport. CCs are located on the lamellar and filament epithelia, 
although they are most abundunt on the afferent side (trailing edge) of the 
filament and in the interlamellar regions. Usually, the CCs are restricted to the 
base of the lamellae, although in certain instances they may occupy central and 
distal areas of lamellae. 
The teleost CC is characterized by a number of ultrastructural features unique 
to ion transporting cells (Laurent, 1984). Microscopic methods use these 
structures for identification and quantification of these cells, and to study their 
structural diversity. At least two different subtypes (a and β) of CCs have been 
described by Pisam et al. (1993) in tilapia based on location, shape and 
cytoplasmic staining. They observed that this structural difference is related to 
the ionic composition of the water, with the α-cells most predominant in seawater 
adapted fish, and the ß-cells dominating in the freshwater animals. Wendelaar 
Bonga and Van der Meij (1989) concluded from their study in tilapia that CCs 
develop through accessory and immature stages to the mature stage and 
eventually disappear through internally controlled cell death (apoptosis) or death 
induced directly by external factors (necrosis). Within these different 
developmental stages of the CC lifecycle, only the "mature" stage shows all 
features anticipated to define it as a functional ion transporting cell. Firstly, 
mature cells have many mitochondria providing the energy required for active 
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transepithelial ion transport Secondly, the cells have an extensive tubular 
network that is continuous with the basolateral membrane and where ion 
transporting enzymes such as Na+/K+-ATPase, Ca2+-ATPase and Na+/Ca2+-
exchangers are located (Karnaky et al, 1976, Verbost et al , 1994, Flik et al, 
1995) Thirdly, they contact both the water via an apical membrane and the 
extracellular fluid via the basolateral membrane Accessory CCs in tilapia are 
considered functionally inactive "replacement" cells, because they lack a fully 
developed tubular system and are not necessarily in contact with the water 
Immature cells are structurally intermediate between accessory cells and mature 
cells Apoptotic and necrotic CCs rapidly lose contact with the water and thus are 
unlikely to be functionally active Therefore, to make a reliable characterization 
of the branchial ion transporting capacity, quantitative data on functional CCs are 
required 
Quantification and characterization 
A number of microscopical techniques has been applied to quantify CCs (for a 
review, see Van der Heijden and Morgan, in press) The classic techniques use 
light microscopy (LM), scanning electron microscopy (SEM) and transmission 
electron microscopy (ТЕМ) Each of these techniques has its particular 
advantage or drawback At the LM level, CCs can be distinguished by their 
affinity for a staining procedure involving a mixture of zinc iodide and osmium 
tetroxide ("ZIO", Garcia-Romeu and Masoni, 1970, Avella et al, 1987) 
However, macrophages and other leucocytes have also been found to be ZIO-
positive (Dagdeviren et al, 1994) In the branchial epithelium, macrophages are 
present to eliminate apoptotic CCs, and their number increases with the increased 
occurrence of apoptotic cells, for example when fish are transferred to seawater, 
acidified water or water containing heavy metals (Wendelaar and Van der Meij, 
1989, Wendelaar et al, 1990, Pelgrom, 1995) With SEM one can only examine 
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the external aspects of the gill epithelium. ТЕМ has a high resolution and 
because the CC population in this epithelium is not homogeneous (Coleman et 
al., 1977; Sardet et al., 1979), the quantitative analysis of CCs by ТЕМ is 
laborious. 
Radioactive or fluorescent derivatives of specific inhibitors such as ouabain 
(Kamaky et al., 1976; McCormick, 1990), and antibodies with specific affinity 
for Na+/K+-ATPase (Witters et al., 1996) have been applied in LM to visualise 
CCs through their high Na+/K+-ATPase content. However, additional fluorescent 
staining procedures are now available for conventional fluorescence microscopy 
as well as confocal laser scanning microscopy (CLSM). Vital probes for 
mitochondria such as DASPEI and DASPMI (Bereiter-Hahn, 1976) are used for 
the identification of CCs, which contain an abundance of mitochondria. 
However, these probes are not able to discriminate between the various subtypes 
of CCs, since metabolically active mitochondria are not only present in the 
functional types, but also in the non-functional ones, such as accessory, immature 
and even degenerating CCs. 
Although conventional fluorescent microscopy using specific probes can be 
useful to identify and quantify certain cell types in flat epithelia like the opercular 
membrane and gill cell suspensions, it is not suitable for the study of 
multilayered and complex epithelia, or for analysis of homeostatic mechanisms 
of intracellular ion concentrations in isolated cells. In contrast, CLSM offers 
superior imaging properties: resolution is improved, out of focus blur is greatly 
reduced, observations in three dimensions can be performed, and intracellular 
changes measured. Through co-labelling with specific probes, the ontogeny and 
distribution of functional branchial CCs can be studied in fish embryos and 
larvae. In freshly isolated or cultured cells subjected to different ambient 
conditions, cytosolic changes can be monitored and measured. 
12 
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Outline of this study 
Development of functional chloride cells in fish larvae 
Embryos and larvae of fish are able to maintain hydrorruneral homeostasis, 
even when their gills and kidneys are still poorly developed (Alderdice, 1988) 
Apparent extrabranchial CCs with apical crypts, mitochondria and an extensive 
tubular membrane system, have been found in the body skin and in the yolk sac 
epithelium of freshwater tilapia embryos as early as 48 hours post fertilization 
(Hwang et al, 1994) and in larvae, 1 day post hatching (Ayson et al, 1994) 
These extrabranchial CCs disappear during the yolk sac absorption which 
coincides with the start of gill development Apparently, up to the time that 
branchial CCs become functional, the extrabranchial CCs are the main site of 
îonoregulation during the early developmental stages of fish However, little is 
known at what time during the early development of fish, branchial CCs become 
functional. To this end, a combination of morphological, histochemicdl and 
biochemical methods have been applied to identify and quantify functional CCs 
in the gills of larval and juvenile freshwater tilapia, Oreochromis mossambicus 
(Chapter 2) Three criteria were used to identify functional CCs (ι) the presence 
of many mitochondria, (u) an apical crypt and (in) a high Na+/K+-ATPase 
content To identify the mitochondna-nch cells with the CLSM, the fluorescent 
probe DASPMI was used with Con(canavahn)-A fluorescein conjugate to label 
the (glyco)proteins and proteoglycans present in the apical crypt In addition, the 
presence of numerous mitochondria and of apical crypts in the CCs was checked 
via ТЕМ analysis The presence of Na+/K+-ATPase was not only checked 
biochemically but also in the CLSM via exposure of the gills to the fluorescent 
probe anthroylouabain (which binds to the extracellular binding site of Na+/K+-
ATPase) 
13 
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Na+ and Ca"+ intracellular homeostatic mechanisms and the effects of Cu 
Ion-selective fluorescent probes, for the use in fluorescence microscopy 
including CLSM have been available for the last ten years to measure 
intracellular ion concentrations in vivo as well as in vitro. These probes have 
already been used in a variety of vertebrate cell types, including myocytes 
(Benders et al, 1994). The results with the sodium probe SBFI and the calcium 
probe Fura-2, for instance, indicate that in cultured myocytes the intracellular 
free Na+ and Ca2+ concentrations are maintained around 10 mM and 100 nM 
respectively, which is about 1/12 and 1/10000 of the respective concentrations in 
the ambient culture medium. The apparent homeostatic mechanism that must be 
present to maintain these intracellular concetrations was studied in myocytes by 
inhibiting entry and extrusion routes for Na+ and Ca2+, with specific emphasis on 
the effect of copper (Cu) on the Na7K+-ATPase and the Na7Ca2+ exchanger, 
which are abundantly present in these cells (Chapter 4). 
Although the cellular concentrations of total Na and Ca in gill cells have 
been reported by Morgan and Potts (1995), data on the physiologically more 
important free ion concentrations in gill cells including CCs are still lacking. 
The main difficulty, however, to measure the intracellular Na+, and Ca2+, with 
ion-selective fluorescent probes in a microscopic study is to attach freshly 
isolated cells to the glass cover slip. Moreover, up to the present, culture of 
CCs is still impossible (Part, 1995).We therefore attached freshly isolated CCs 
to the coverslips using Cell-Tak and measured their intracellular free Na+ and 
Ca2+ concentrations with ion-selective fluorescent probes, using CLSM. Some 
homeostatic mechanisms of intracellular ions such as Na+ and Ca2+, with an 
emphasis on the roles of the Na+/K+-ATPase and Na7Ca2+-exchanger were 
studied. The cellular influx pathways of Na+ were investigated. How Cu 
disturbs intracellular ion homeostasis of the CCs was studied (Chapter 3). 
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Kinetic analysis of Na+/fC-ATPase inhibition by Cu + 
The main sodium pump in animal cells is the ouabain-sensitive Na+/K+-
ATPase, a membrane-bound enzyme mobilizing energy from Mg-ATP to extrude 
Na+ in exchange for K+. This pump is the pivotal mechanism in the physiology of 
the cell, as it is involved, directly or indirectly, in cell volume regulation, the 
control of intracellular pH, and the maintenance of free Ca2+ concentration and 
membrane potential. It is regarded the major "housekeeping" enzyme, but also 
plays an important role in epithelial transport. As a consequence, inhibition of 
this pump will seriously affect the intracellular ion homeostasis and ion-
transporting function. Although inhibition of Na+/K+-ATPase activity by Cu has 
mainly been attributed to the covalent binding of Cu + to the functional 
sulphydryl (-SH) groups of membrane proteins and enzymes, including Na+/K+-
ATPase (Stacey, 1986; Chetty et al.,1990; Rajanna et al.,1990), the kinetics of 
Cu2+ interaction with Na+/K+-ATPase are flawed by the fact that in these studies 
the total concentration of Cu rather than the free Cu2+ concentrations were 
considered. It is generally believed that the ionic form of copper, Cu +, represents 
the toxic form of this metal (LeBlondel and Allain, 1984). Also the higher 
affinity of ATP for Cu2+ over Mg2+ (Sillen and Martell, 1964) suggests that little 
Mg-ATP may remain in an assay medium when Cu2+ is added. For a proper 
evaluation of the enzymatic activity in vitro, Mg-ATP is required as substrate and 
cannot be replaced by Cu-ATP (Askari et al., 1980). Therefore, an accurate 
control of the levels of Mg-ATP, Cu-ATP, Mg2+ and Cu2+ is essential for a 
kinetic analysis of Cu2+ inhibition of Na+/K+-ATPase. We have evaluated the 
effects of buffered free Cu2+ levels on the kinetics of purified Na+/K+-ATPase 
(Chapter 5). The concentrations of ATP, Na+, Mg2+, Ca2+ and K+ were varied 
under strictly buffered conditions, and free ion levels were calculated using the 
CHELATOR program of Schoenmakers et al. (1992). 
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Cu'+ effects on gill structure and function 
The use of morphological techniques to evaluate the nature of physiological 
changes to environmental challenges is a powerful approach which essentially 
links fish gill morphology and physiology. In the past several comprehensive 
reviews have been written on the interrelationship between gill morphology and 
properties of the environment (Laurent and Hebibi, 1989; Laurent and Perry, 
1991). For example, the proliferation of CCs in ion-poor water, together with the 
strict correlation between the rates of NaCl uptake and gill CC fractional area, 
suggest that the CC is an important site of Na+ and СГ uptake in freshwater fish. 
Indeed, the model proposed by Girard and Payan (1980), in which lamellar 
pavement cells are presumed to be the sites of Na+ and СГ influx, is now 
generally discounted. However, the notion that the CC is the sole site of NaCl 
uptake is probably an oversimplification. Although it is now largely assumed that 
both Na+ and СГ influxes occur through the same cell type (probably the CC), 
evidence has been supplied that the pavement cells could also be involved in this 
process (Lin and Randall, 1995). 
Many water pollutants are known to affect the branchial structure (Mallatt, 
1985). Consequently, the gill epithelium has a high rate of cell renewal. This 
process implies that cell death and deletion occur in this tissue. It has become 
well established that this occurs through two types of cell death: necrosis and 
apoptosis (Wendelaar Bonga and Lock, 1993). They correspond to cell death 
mediated through extrinsic or intrinsic factors, respectively (Wyllie et al., 1980). 
Extrinsic factors include mechanical injury, the actions of pathogens, or 
toxicants. Intrinsic factors include hormones like Cortisol, and other humoral 
substances. Intrinsic cell death or apoptosis has become recognised as a 
physiological mechanism controlling the balance between cell division, 
differentiation and diletion in epithelia and many other tissues (Wyllie, 1980). 
Extrinsic factors may also induce apoptosis indirectly, e.g. via the action of 
16 
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hormones (Bury et al., in press). 
Exposure of freshwater fish to Cu2+ in the water frequently leads to dose-
related losses of Na+ and СГ (Lauren and McDonald, 1987; Pelgrom et al., 1995). 
This effect is generally attributed to structural and functional damage to the gills. 
In particular Na7K+-ATPase, the enzyme crucial for branchial Na+ transport and 
concentrated in the CCs, appears vulnerable to Cu. To restore and maintain ionic 
homeostasis, Cu exposed fish react by activating a number of biochemical and 
physiological responses, aimed at restoring the branchial ion uptake capacity 
(McDonald and Wood, 1993). One response is the proliferation of CCs, but 
whether the new CCs are fully functional is still a matter of debate. 
Microscopical observation of the branchial epithelium of tilapia revealed that a 
considerable number of the CCs had degenerated via necrosis and apoptosis and 
were unable to participate in active ion transport (Pelgrom et al., 1995). We 
investigated whether the Cu induced depression of plasma Na levels in tilapia 
(Oreochromis mossambicus) could be related to reduced Na+/K+-ATPase 
activities due to CC degeneration via necrosis and apoptosis (Chapter 6). 
17 
General introduction 
References 
Alderdice, D. F. (1988) Osmotic and ionic regulation in teleost eggs and larvae. In: Hoar, W. S., 
and Randall, D. J. (eds) Fish Physiology, Vol. IIa. Academic Press. New york, pp 163-
251. 
Askari, Α., Huang, W. and Antieau, J.M. (1980) Na+/K+-ATPase: Ligand-induced 
conformational transitions and alterations in subunit interactions evidenced by cross-
linking studies. Biochemistry 19, 1132-1140. 
Avella, M., Masoni, Α., Bornancin, M. and Mayer-Gostan, N. (1987). Gill morphology and 
sodium influx in the rainbow trout (Salmo gairdneri) acclimated to artificial freshwater 
environments. J. Exp. Zool. 241, 159-169. 
Ayson, F. G., Kaneko, T., Hasegawa, S. And Hirano, T. (1994) Development of mitochondrion-
rich cells in the yolk-sac membrane of embryo and larvae in tilapia, Oreochromis 
mossambicus, in freshwater and seawater J. Exp. Zool. 270, 129-135. 
Benders, A. A. G. M., Li, J., Lock, R. A. C , Bindels, R. J. M , Wendelaar Bonga, S. E. and 
Veerkamp, J. H (1994). Copper toxicity in cultured human skeletal muscle cells: the 
involvement of Na+/K+-ATPase and the Na+/Ca2+-exchanger. PflUgers Arch. 428, 
461-467. 
Bereiter-Hahn, J. (1976) Dimethylaminostyrylmethylpyndiniumiodine (DASPMI) as a 
fluoresent probe for mitochondria in situ. Biochem. Biophys. Acta 423, 1-14 
Bury, N. R., Li, J., Lock, R. A. C , Flik, G. and Wendelaar Bonga, S. E. (in press) Cortisol 
protects copper induced necrosis and promotes apoptosis in fish gill chloride cells in 
vitro. Aqut. Toxicol. 
Chetty, CS., Rajanna, В., and Rajanna, S. (1990) Inhibition of rat brain microsomal Na+/K+-
ATPase and ouabain binding by mercuric chloride.. Toxicol. Letten, 51, 109-116. 
Coleman, R , Yaron, Z., and Пап, Ζ. (1977). An ultrastructural study of the mitochondna-nch 
cells from the gills of freshwater and seawater adapted Tilapia aurea subjected to a 
presticide. J. Fish Biol, 11, 589-594. 
Flik, G., van Rijs J. H., Wendelaar Bonga, S. E. (1985) Evidence for high-affinity Ca2+-ATPase 
activity and ATP-driven Ca2 + transport in membrane preparations of the gill epithelium 
of cichhd fish Oreochromis mossambicus. J. Exp. Biol. 119, 335-347. 
Flik, G., Verbost, P. M. and Wendelaar Bonga, S. E. (1995) Calcium transport processes in 
18 
Chapter 1 
fishes In Fish Physiology Vol 14, Cellular and molecular approaches to fish ionic 
regulation (eds Wood, С M and Shuttleworth, Τ J ), pp 317-343 New York, 
Academic Press 
Garcia-Romeu, F and Masoni, A (1970) Sur la mise en évidence des cellules à chlorure de Ia 
branchie des poissons Arch D'Anat Microsc 59,289-294 
Girard, J Ρ and Payan, Ρ (1980) Ion exchanges through respiratory and chloride cells in 
freshwater - and seawater-adapled teleosteans Am J Physiol 238, R260-268 
Hwang, Ρ Ρ , Tsai, Υ Ν , and Tung, Υ С (1994) Calcium balance in embryos and larvae of the 
freshwater-adapted teleost, Oreochromis mossambicus Fish Physiol Biochem 13,(4), 
325 333 
Kamaky, К J , Kinter, L В and Stirling, С E (1976) Teleost chloride cell Π Autoradiographic 
localization of gill Na+/K+-ATPase in killifish Fundulus heteroclitus adapted to low and 
high salinity environments J Cell Biol 70, 157-177 
Lauren, D J and McDonald, D G (1987) Acclimation to copper by rainbow trout, Salmo 
gairdneru Can J FishAquat Sci 44, 105-111 
Laurent, Ρ (1984) Gill internal morphology In Hoar W S , Randall, D J , (eds) Fish 
Physiology, vol 10a Academic Press, New York, pp 73-183 
Laurent, Ρ and Perry, S F (1991) Environmental effects on fish gill morphology Physiol 
Zool 64,4-25 
Laurent, Ρ and Hebibi, N (1989) Gill morphology and osmoregulation Can J Zool 67,3055-
3063 
Laurent, Ρ , Dunel-Erb, S , Chevalier, С and Lignon, J (1994) Gill epithelial cells kinetics in a 
freshwater teleost, Oncorhynchus mykiss during adaptation to ion-poor water and 
hormonal treatments Fish Physiol. Biochem 13, (5), 353-370 
Leblondel, G and Allain, A (1984) A thiol oxidation interpretation of the Cu2 + effect on rat 
liver mitochondria J Inorg Biochem , 21, 241-251 
Lin, H and Randall, D (1995) Proton pumps in fish gills In Fish Physiology vol 14, 
Cellular and molecular approaches to fish ionic regulation (eds Wood, С M and 
Shuttleworth, Τ J ), pp 229-256 New York, Academic Press 
Mallatt, J (1985) Fish gill structual changes induced by toxicants and other irritants a statistical 
review Can J Fish Aquat Sci 42, 630-648 
McCormick, S D (1990) Fluorescent labelling of Na7K+-ATPase in intact cells by use of a 
fluorescent derivative of ouabain Salinity and teleost chloride cells Cell Tissue Res 
19 
General introduction 
260, 529-533 
McDonald, D G And Wood, С M (1993) Branchial mechanisms of acclimation to metals in 
freshwater fish In Fish Ecophyswlogy (Rankin, J С And Jensen, F В eds ) pp 297-
32 Chapman and Hall, London Morgan, IJ and Potts, W Τ W (1995a) The effects 
of thiocyanate on the intracellular ion concentrations of branchial epithelial cells in 
brown trout J Exp Biol 198, 1229-1232 
Munger, R S , Reíd, S D and Wood, С M (1991) Extracellular fluid volume measurements in 
tissues of the rainbow trout (Oncorhynchus myhss) in vivo and their effects on 
intracellular pH and ion calculations Fish Physiol Biochem, 9(4) 313-323 
Part, Ρ and Bergstrom, E (1995) Primary cultures of teleost branchial epithelial cells In 
Cellular and Molecular approaches to Fish Ionic Regulation (ed С M Wood and Τ J 
Shuttleworth) pp207-227 San Diego, Academic Press 
Pelgrom, S M G J , Lock, R А С , Balm, Ρ Η Μ and Wendelaar Bonga, S E (1995) 
Integrated physiological responses of tilapia, Oreochromis mossambicus, to sublethal 
copper exposure Aquat Toxicol, 32, 303-320 
Perry, S F and Laurent, Ρ (1989) Adaptational responses of rainbow trout to lowered external 
NaCl concentration contribution of the branchial chloride cell J Exp Biol 147, 147-
168 
Pisam, M , Aupenn, В , Prunet, Ρ , Rentier-Delrue, F , Martial, J and Rambourg, A (1993) 
Effects of prolactin on α and β chloride cells in the gill epithelium of the saltwater 
adapted tilapia "Oreochromis niloticus" Anat Ree , 235, 275-284 
Rdjanna, В , Chetty, С S , McBride, V and Rajanna, S (1990) Effects of lead on K+-para-
nitrophenyl phosphatase activity and protection by thiol reagents Biochem Internat 20, 
1011 1018 
Sardet, C , Pisam, M and Maetz, J (1979) The surface epithelium of teleostean fish gill 
cellular and junctional adaptation the chloride cell in relation to salt adaptation J Cell 
Biol 80,96-117 
Schoenmakers, T h J M , Visser, G , Flik, G and Theuvenet, A P R ( 1992) Chelator an 
improved method for computing metal ion concentrations in physiological solutions 
Biotechniques, 12, 870 879 
Sillén, L and Martèll, A E (1964) Stability constants of metal-ion complexes The Chemical 
Society, London, Special Publication No 17 
Stacey Ν H (1986) Protective effects of dithiothreitol on cadium-induced injury in isolated rat 
20 
Chapter 1 
hepatocytes Toxcol Appi Pharmacol 82, 224-232 
Verbost, Ρ M , Schoenmakers, Th J M , Flik, G and Wendelaar Bonga, S E (1994) Kinetics 
of ATP- and Na+-gradient driven Ca2+ transport in basolateral membranes from gills of 
freshwater-and seawater-adapted tilapia J Exp Biol 186,95-108 
Van der Heijden, A J H and Morgan, I J (1997) The use of modem microscopical techniques 
for the study of fish gill In Ionic regulation m animals (ed N Hazon, F В Eddy and 
G Flik) pp 106-124 Springer Heidelberg, Germany 
Wendelaar Bonga, S E and Van der Meij J С А (1989) Degeneration and death, by apoptosis 
and necrosis, of the pavement and chloride cells in the gills of the teleost Oreochromis 
mossambicus Cell Tissue Res 255, 235 243 
Wendelaar, S E and Lock, R А С (1992) Toxicants and osmoregulation in fish Neth J 
Zool 42,478-493 
Witters, H, Berckmans, Ρ and Vangenechten, С (1996) Immunolocalization of Na+, K+-
ATPase in the gill epithelium of rainbow trout, Oncorhynchus mykiss Cell Tiss Res 
283.46M68 
Wyllie, Α Η , Kerr, J F R , and Cume, A R (1980) Cell death the significance of apoptosis 
Internat Rev Cytol 68,251-360 
21 

Chapter 2 
BRANCHIAL CHLORIDE CELLS IN LARVAE AND 
JUVENILES OF FRESHWATER TILAPIA, 
OREOCHROMIS MOSSAMBICUS 
Li, J, J. Eygensteyn, R. A. C. Lock, P. M. Verbost, A. J. H. van der Heijden, S. 
E. Wendelaar Bonga, G. Flik (1995) J. Exp. Biol. 198 2177-2184 
Branchial CCs in larvae 
Summary 
Branchial chloride cells in the developing larvae and juveniles of 
freshwater tilapia, Oreochromis mossambicus, were identified and their 
membrane Na+/K+-ATPase was localized in situ through binding of the 
fluorescent anthroylouabain. After co-labelling of the cells with the fluorescent 
probes DASPMI and Con A-FITC, the mitochondria and apical crypt in the same 
chloride cells were visualized using the confocal laser scanning microscope 
(CLSM). A high density of apical crypts indicated that many chloride cells were 
functional. The density of branchial chloride cells in larvae 10 days after 
hatching was around 6000 per mm2. An extremely high specific Na+/K+-ATPase 
activity of up to 1500 μπιοί Ρ, h"1 mg"1 was measured 10 days after hatching. 
With the development of secondary lamellae and hence the increase in the 
amount of brachial epithelial protein, a concomitant decrease in the specific 
activity of the enzyme in the gill tissues was observed. Na7K+-ATPase total 
activity increased remarkably in the life stages. Our data indicate that in larval 
stages of fish the gills form a functional ionoregulatory organ before they start 
functioning as a gas exchange organ. 
Introduction 
In the gills of adult fish two morphologically distinct epithelia are found: 
the multilayered filament epithelium and the bilayered lamellar epithelium. The 
former serves primarily a role in ion exchange. The function of the latter 
concerns gas exchange between the blood and the ambient water (Laurent, 1984). 
For a variety of species, including the tilapia studied in this paper, it has been 
demonstrated that in adult fish the chloride cells, also called ionocytes, are 
mainly located in the filamental epithelium (Wendelaar Bonga et al, 1990). These 
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cells are the main site for active ion transport in fish (Foskett and Scheffey, 
1982). In general, a functional chloride cell is structurally characterized by many 
mitochondria, an abundant tubular system where ion-transporting enzymes, such 
as Na+/K+-ATPase, Ca2+-ATPase, Ca2+/Na+exchanger are located, and an apical 
crypt facing the water (Hootman and Philpott, 1979; Flik et al, 1985; Wendelaar 
Bonga et al. 1990; Flik and Verbost, 1993). 
The embryos and larvae of teleosts are able to maintain hydromineral 
constancy of their bodily fluids, even though their gills and kidneys appear still 
poorly developed (Alderdice, 1988). During the early developmental stages of 
teleosts, extra-branchial chloride cells located in the skin have been proposed as 
the site of iono-regulation. Indeed, Shelboume already in 1957 suggested that 
these integumental chloride cells play an ion transporting role in larvae of the 
plaice (Pleuronectes platessa). Later, several studies have focused on extra-
branchial chloride cells in a number of embryonic and larval stages of teleosts 
(Alderdice, 1988; Hwang, 1989, 1990). Hwang et al. (1994) reported that the 
first chloride cells in skin of freshwater tilapia embryos were found at 48h after 
fertilization. Some chloride cells with apical crypts facing the water were 
observed in the skin of newly-hatched larvae (96-h post fertilization). They 
suggested that up to 10 days after fertilization, these integumental chloride cells 
are the main site of active ion transport in freshwater tilapia. However, little is 
known about the development of branchial chloride cells in fish larvae and the 
time when these cells become operational. 
We have applied morphological, histochemical and biochemical criteria to 
identify functional chloride cells in the gills of larval and juvenile freshwater 
tilapia. Chloride cells were visualized with a mitochondria-specific fluorescent 
probe and their density was determined. With Con A-FITC and anthroylouabain, 
the presence of apical crypts and Na7K+-ATPase in these branchial chloride cells 
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was examined in intact freshly excised gill filaments. The specific and total 
Na+/K+-ATPase activities of gills were biochemically measured. 
Materials and methods 
Animals 
Batches of eggs close to hatching were collected from adult female tilapia, 
Oreochromis mossambicus. At 27°C, hatching occurs approximately 4 days after 
fertilization (Lanzing, 1976; Hwang et α/.,1994). Groups of at least 6 larvae and 
juveniles of 3, 10 and 24 days posthatching, ranging in weight from 4-150 mg, 
were used. Weights refer to the animals after their yolk sac had been removed. A 
comparison was made with 180 days old fish (adult). Animals were kept in 
Nijmegen tap water containing (in mmol Γ1): Na+, 5.0; K\ 0.06; Ca +, 0.8; Mg +, 
0.2; СГ, 4.2; S04
2
", 0.5; pH 7.6; the water temperature was kept constant at 27°C. 
Lights were on for 12h per day. Gill arches were excised under a binocular 
microscope and kept in a Ringer solution containing (in mmol Γ1): NaCl, 120; 
KCl, 5.0; CaCl2, 1.25; MgCl2, 1.0; HEPES, 10.0; glucose, 10.0; pH7.4 (adjusted 
with Tris); at 4°C. 
Vital staining and density measurement of chloride cells 
To stain the apical crypts of chloride cells, the first and second gill arches 
were rinsed in 2 ml of Ringer solution and incubated for 45 min at room 
temperature in the dark with Concanavalin A Fluorescein Conjugate (Con A-
FITC, Molecular Probes, Eugene, USA) at a final concentration of 1 mg. ml"1. 
This probe binds to carbohydrate groups of the glycoproteins (Blithe et al. 1982; 
Angelides et al. 1988;) which are present in the apical crypts of chloride cells 
(Pisam, 1981). The procedure was completed by 5 min co-staining with 5 
Mmol Γ1 of the specific mitochondria probe, 2-(4-dimethylaminostyryl)-l-
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methylpyridinium iodide (DASPMI, Molecular Probes, Eugene, USA) under the 
same conditions. After labelling, the gill arches were rinsed three times and 
placed in 20 ml Ringer's in a rounded silicone chamber on a glass microscope 
coverslip. 
A confocal laser scanning microscope (CLSM, MRC-600, BioRad) was 
employed to identify the chloride cells. Imaging conditions were as follows: 40x-
oil immersion, laser line of 488 nm as excitation wavelength, and a filterblock 
that allows concurrent collection of the emission wavelengths of Con A-FITC 
(530 nm) and DASPMI (609nm). All images were recorded and processed with 
an IBM compatible computer. 
In gills of juvenile fish chloride cells were equally distributed throughout 
the (single layer) branchial epithelium. Optical sections were made in a plane 
parallel to the surface of the filament. At least four optical sections from different 
filaments from each fish were randomly photographed. In gills of adult fish 
(where secondary lamellae have developed, chloride cells occur mainly on the 
trailing edge of the filament and where the epithelium has become multilayered) 
optical sections of the top layer of cells were made. 
All DASPMI-stained cells of the surface layer of the filaments were 
counted. From each recorded image (0.5 mm2) three areas of 2500 ц т 2 each were 
analysed and the density expressed per mm2 of section area (n.mm"2). In total, 3 
filaments from each fish and at least 4 different fish per group were analysed in 
this way. For comparison of chloride cell densities during development, we refer 
to the total filament surface in juvenile stages and to the trailing edge area of the 
filament in adult fish. Sites were chosen at one third of the length of the filament. 
Localisation of Na+ /K* -ATPase in chloride cells 
Freshly excised first and second gill arches were incubated in 5 μπιοί Γ1 
(final concentration) of anthroylouabain (Sigma) in low-K tilapia Ringer solution 
27 
Branchial CCs in larvae 
(LKTR) for 60 min at room temperature in the dark. The LKTR solution 
contained (in mmol Г1): NaCl, 140; NaHC03, 10; MgS04, 1; CaCl2, 2; NaH2P04, 
1; KCl, 0.1; HEPES, 10; glucose, 5 and it was adjusted to pH 7.4 with Tris. As 
control, in some cases, a high concentration (1 mmol"1) of non-fluorescent 
ouabain (Sigma) was added to the incubation medium to confirm specific binding 
of anthroylouabain to membrane Na+/K+-ATPase (McCormick, 1990). After 
labelling with the fluorescent dye, the tissues were rinsed for 2 minutes in LKTR 
and placed on a microscopic coverslip as described above. Anthroylouabain has 
an excitation wavelength of 365-368 nm and an emission wavelength of 480 nm 
(Fortes, 1977). For these observations, a Zeiss epifluorescence microscope was 
used at a magnification of 250x. 
Determination of Na*/K*-ATPase activity 
The Na+/K+-ATPase activity in whole gill tissue homogenate was 
determined as described by Flik et al. (1983). Freshly dissected gills of each 
larval, juvenile or adult fish were placed in 100 ml membrane isolation medium 
containing (in mmol l"1): sucrose, 250; NaCl, 15; Na2EDTA, 0.5; HEPES, 5, 
adjusted to pH 7.4 with imidazole; 2 ml.ml-1 aprotinin (Sigma, 1.9 mg protein 
per ml, 3.6 TIU per mg protein) and 1 mmol Г1 dithiothreitol (DTT) were added 
directly before use. The tissue was homogenized by sonification for 10 s. To 
remove cellular debris and cartilage rods, the homogenate was centrifuged for 5 
min at 4000 g, and the supernatant was analyzed for Na7K+-ATPase activity. 
Optimal Na+/K+-ATPase activity was obtained by adding saponin (0.2 mg per mg 
protein) to permeabilize the membranes (Verbost et ai, 1994). 
Electron microscopy 
Gill filaments from juvenile tilapia were dissected and fixed for electron 
microscopy as described by Wendelaar Bonga and Van der Meij (1989). 
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Results 
General observations 
Three days after hatching, larvae had not yet absorbed their yolk sac. 
Without their yolk sac they weighed about 4 mg and had a body length of 
approximately 7 mm. On each side of the head, four newly developed gill arches 
could be distinguished microscopically. The first and most exterior arch was 
slightly bigger than the second one, the third and the fourth were smaller still. 
Gill filaments were already present, in particular on the first two arches. Under a 
phase contrast microscope, numerous large, spherical or ovoid-shaped granular 
cells with a centrally located nucleus could be observed in the epithelium of 
filaments, resembling chloride cells (Wendelaar Bonga et al., 1990; Marshall et 
al., 1993). Lamellae had just started to develop on day 3. In 10 days old larvae, 
the yolk sac was essentially absorbed and lamellae started to develop on both 
sides of all filaments. In 24 days old larvae the yolk sac had completely 
disappeared and adult-like lamellae were observed. 
Chloride cells 
The numerous large, ovoid-shaped cells with prominent nuclei on the 
newly developed gill filaments in 3 days old tilapia as observed by phase contrast 
microscopy were identified as chloride cells by DASPMI staining using the 
CLSM; apical crypts were demonstrated by co-labelling the cells with Con Α­
ΠΤΟ (Fig. 1). The filamental epithelium consisted of a single layer of DASPMI-
positive cells. Essentially all cells had apical crypts as indicated by Con A-FITC 
staining. The presence of apical crypts was confirmed by electron microscopical 
observations (Fig. 2). Figure 3 presents the density of chloride cells (n.mm 2 ): 
4630 ± 489 at the 3 days stage, 6280 ± 271 at the 10 days stage, and 66O0 ± 2 1 9 
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Fig. 1. Confocal laser scanning micrographs of the gill filaments of 3 days old freshwater tilapia 
after in vivo co-labelling with DASPMI (green) and Con A-FITC (red). A. Second gill arch, 
transmission light microscopy; magnification lOOx. B. Confocal cross section (0.2 цт); 
magnification lOOx. Note that the DASPMI-Con A positive cells form an essentially confluent 
sheet. C. Confocal cross section (0.2 цт) of the filaments near the gill arch; apical crypts, 
indicated by Con A staining, face the water; magnification 400x. D. Superficial optical section 
(0.2 ц т ) of the filaments; DASPMI-positive cells with a nuclear shadow were seen; some of the 
cells shown their apical crypts (red spots); magnification 480x. E. A single DASPMI-positive 
cell co-labelled with Con A-FITC. The picture is composed of 31 superimposed and subsequent 
optical sections (0.5 ц т each) collected in the z-direction; magnification 900x. F. Reconstructed 
section (90° tilted) of the cell shown in E; the cross section was made perpendicular to the plane 
of view shown in E. This side view shows the depth of apical crypt; magnification 900x. Note 
the absence of mitochondria in apical crypt region shown also by EM (see Fig. 2). 
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at the 24 days stage. In adult fish the density of chloride cells in the trailing edge 
area was 6519 ± 710. 
Table 1. Total and specific Na+/K+-ATPase activity in gills of larval, juvenile 
and adult freshwater tilapia 
Days (after hatching) 
10 
24 
180 
Kotal (N=6) 
57 ±17 
23 ±42 
371 ±58 
Vspec ( N = 6 ) 
1558 ±366 
914 ±192 
4 ±0.6 
иішіі the total /Va Vif*-ATPase activity in μπιοί Ρ, h (ν
ψβί
 χ mg protein). 
V
sl,et, the specific Na+/FC*-ATPase activity in pmol P1 К mg . 
Data are means ± SD of 6 individual fish. 
Localization and activity of 'Na^/fC -ATPase 
Exposure of isolated larval gills to 5 mM anthroylouabain in low-K+ 
Ringer solution resulted in the appearance of many fluorescent cells (Fig. 4). 
These cells appeared to be identical to the DASPMI-stained cells according to 
their size, morphology and location. A nuclear shadow was often seen. 
Simultaneous exposure of the gills to 5 μπιοί Γ1 anthroylouabain and 1 mmol Γ1 
ouabain completely abolished the fluorescent signals demonstrating that these 
early developed branchial cells contain functional ouabain-binding sites. This 
was confirmed by a high Na+/K+-ATPase specific activity in the gill homogenate 
(Table. 1) 
31 
Branchial CCs in larvae 
A 
ί¥:
"
:
' . 
Fig. 2. An electron micrograph of chloride cell from 3 days old freshwater tilapia. T, tubular 
system; M, mitochondria; A, apical crypt; N, nucleus; P, pavement cell. 8000X. 
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Fig. 3. Densities of chloride cells ( n . m m 2 ) in gills of freshwater tilapia of different ages. Values 
shown are means ± SD. Number of observations (n) as indicated above bars. 
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Fig. 4. Anthroylouabain staining of gill filaments of 3 days old freshwater tilapia. After staining 
for 1 h with a 5 μηιοί Γ anthroylouabain solution, filaments were examined with a fluorescence 
microscope. Bar: 25 цт. 
A specific Na+/K+-ATPase activity of approximately 1500 μπιοί Ρ, h"1 mg"1 in 
whole tissue homogenate was measured in 10 days old larvae. This was more 
than 370 times higher than the activity found in adults (4.04 ± 0.63 цтоі P¡ h"1 
mg" ). After 10 days, the branchial specific Na+/K+-ATPase activity gradually 
decreased while the total activity of gill Na+/K+-ATPase increased (Table 1). 
Discussion 
We here present evidence for the presence of numerous functional chloride 
cells in gills of freshwater tilapia (yolksac) larvae, as early as 3 days after 
hatching. We have based this conclusion on four observations. First, in addition 
to numerous mitochondria, most chloride cells possess an apical crypt in contact 
with the water as evidenced by Con A-FITC staining. Second, the chloride cells 
possess a high density of ouabain-binding sites as shown by binding the 
fluorescent anthroylouabain. Third, an extremely high Na+/K+-ATPase specific 
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activity was found in the gill of these larvae. Fourth, electron micrographs of the 
chloride cells confirm the presence of numerous mitochondria and extensive 
tubular membrane system where transport ATPases reside (Flik et al., 1985). 
Indeed, functional chloride cells in teleosts are structurally characterized 
by many small mitochondria and anastomosing tubules, where ion-transporting 
enzymes such as Na+/K+-ATPase, transport Ca2+-ATPase, and Na+/Ca2+-
exchanger are located (Hootman and Philpott 1979; Flik et al 1985; Wendelaar 
Bonga et al., 1990; Verbost et al, 1994). The tubules have a lumen that is 
continuous with the extracellular space via orifices in the basolateral membrane 
(Sardet et al 1979; Laurent and Dunel 1980; Wendelaar Bonga et al, 1990), and 
the cell apical plasma membrane surface forms a crypt (or pit) facing the water. 
The latter contains glycoproteins and is structurally considered as an ion gradient 
region, a typical feature of functional chloride cells (Alderdice, 1988). To 
confirm the presence of the intact functional chloride cells, a combination of 
three specific vital fluorescent probes, DASPMI, Con A-FITC and 
anthroylouabain for indicating cellular mitochondria, apical crypts and Na+/K+-
ATPase, respectively, was applied successfully in this study. Since chloride cells 
are the only cells in gill epithelia containing an abundance of mitochondria, these 
cells may provide the energy required for active transepithelial ion (i. a. Na+, СГ, 
or Ca2+) transport against the sizeable electrochemical gradients known to exist 
between the blood and external medium in fresh water fish (see review of Evans 
et al 1982). Therefore, the specific vital dyes for mitochondria, DASPEI and 
DASPMI, are suitable to identify and quantify the mitochondria-rich chloride 
cells in epithelia of teleosts (Bereiter-Hahn, 1976; Foskett and Scheffey, 1982; 
Karnaky, et al 1984). The co-labelling with DASPMI and Con A-FITC enabled 
us to identify the mature (functional) chloride cells in living tissues because Con 
A- positive glycoproteins are concentrated in the apical pits of chloride cells 
(Zadunaisky, 1984). High Na+/K+-ATPase activity in branchial epithelia offish is 
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indicative of ion transport and this enzyme has been localized almost exclusively 
in the chloride cells (Hootman and Philpott 1979; Wendelaar Bonga et al. 1990). 
Kamaky (1986) estimated that the teleost chloride cells have a higher 
concentration of Na7K+-ATPase (up to 1.5 χ IO8 molecules per cell) than the 
respiratory cells. Using [3H]ouabain autoradiography (Karnaky et al, 1976) and 
cytochemistry (Hootman and Philpott, 1979), Na+/K+-ATPase was found to be 
localised in the extensive tubular system of chloride cells, which extends 
throughout the cell to the apical membrane. McCormick (1990) demonstrated by 
co-labelling of seawater tilapia operculum with DASPMI and anthroylouabain, 
that most of the Na+/K+-ATPase is located in the chloride cells; however, this 
procedure in that study was not successful for freshwater tilapia. Our results, 
however, clearly demonstrate that the branchial chloride cells of larval and 
juvenile freshwater tilapia contain high concentrations of Na7K+-ATPase, as 
shown by anthroylouabain binding in the intact gills as well as by biochemical 
measurement of the enzymatic activity. 
Morphc i Dgical, ultrastructural, physiological and biochemical studies on 
chloride cells in adult teleosts have been widely carried out (reviewed by 
Philpott, 1980; Foskett et al, 1983; Wendelaar Bonga et ai, 1990). However, 
most of the investigations on this cell type in embryos and larvae of freshwater or 
seawater fish were focused on the extra-branchial chloride cells, in particular on 
those in the yolk-sac epithelium and the body skin (see review of Alderdice, 
1988). Hwang et al. (1994) suggested that extra-branchial chloride cells 
participate in ion transport and osmoregulation during early developmental stages 
of tilapia in particular before their gills become functional. Indeed, extra-
branchial chloride cells start to disappear during the post-yolk-sac stage when the 
gills start to develop. However, the exact timing of chloride cell development in 
fish gill so far was a matter of debate (Alderdice 1988). We found that 3 days 
after hatching the lamellae had not yet formed, the epithelium of the gill 
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filaments was almost entirely occupied by chloride cells (about 4000 cells per 
mm
2). Also, in 10 day old larvae the lamellae were still poorly developed and the 
chloride cells in the filaments had reached a density of around 6000 cells per 
mm'. This density remained essentially constant up to the adult stage, at least 
when we only consider the parts of the epithelium where chloride cells occur. 
Our numbers for chloride cell densities in adult fish are of the same order of 
magnitude as those reported for adult gill filaments of eel, trout and catfish (Perry 
et ai, 1992; Laurent, et al, 1994). Clearly, the gills at all stages studied here in 
tilapia participate in active ion transport. Lanzing (1976) reported that the gills of 
8-day-old tilapia fry were sufficiently developed to assume a respiratory function, 
as shown by the fact that Indian ink particles placed before the mouth were swept 
inside and soon reappeared behind the opercular slit. We observed indeed that 
around this time secondary lamellae started to develop. The presence of 
numerous mature chloride cells in the gill filaments of tilapia three days after 
hatching suggests that larvae at a very early stage may absorb ions from the 
ambient water via their gills. Hwang et al. (1994) reported that 10 days old tilapia 
had accumulated Na, К and Ca to levels of about 8, 2, and 60 times higher than 
those of the embryo. The authors attribute an important role in this accumulation 
of ions to chloride cells near the pectoral fins. However, considering the large 
surface area of the gills, as compared to that of the skin, and the large difference 
in chloride cell density between both epithelia, we conclude that the branchial 
chloride cells outnumber the integumental chloride cells also in very young fish 
and play a major role in active ion transport during early developmental stages. 
This conclusion is supported by the presence of numerous ouabain-binding sites 
and significant Na+/K+-ATPase activity in vitro. The Na7K+-ATPase specific 
activity in gills of 10 days old tilapia is about 400-times higher than that of an 
adult tilapia. In 24 days old tilapia, more lamellae had developed, while the 
density of branchial chloride cells in the filaments did not further change. This 
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resulted in the observed decrease of Na+/K+-ATPase specific activity and an 
increase of total Na+/K+-ATPase activity of the gills. 
In summary, our results demonstrate mature branchial chloride cells in 
freshwater tilapia at very early life stages, equipped to participate in ion 
transport, even before the gills have adult morphological characteristics. 
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NA+ AND CA2+ HOMEOSTATIC MECHANISMS IN 
ISOLATED CHLORIDE CELLS OF THE TELEOST 
OREOCHROMIS MOSSAMBICUS, 
ANALYSED BY CONFOCAL LASER SCANNING MICROSCOPY 
Li Jie, Jelle Eygensteyn, Robert A.C. Lock, Sjoerd E. Wendelaar Bonga and 
Gert Flik (in press, 1997, J. Exp. Biol. 200, xx) 
Ca +, and Na+, of CCs 
Abstract 
Chloride cells (CCs; recognised by the vital mitochondrial stain 
DASPEI) and pavement cells (PCs) isolated from tilapia opercular epithelium 
were adhered to Cell Так coated glass coverslips and loaded with fluorescent 
probes for the measurement of intracellular concentrations of Na+ or Ca~+. 
Basal levels of cytosolic Na+ and Ca2+ ranged from 6.4 to 16.5 mmol.r1 and 
from 76 to 110 nmol.l"1, respectively, and did not differ between CCs and PCs. 
In CCs, inhibition of Na+/K+-ATPase by ouabain or copper increased 
intracellular sodium. Replacing extracellular sodium with N-methyl D-
glucamine+ (NMDG+) led to a rise in cytosolic calcium that was dependent on 
the extracellular calcium concentration, indicating the operation of a Na7Ca2+-
exchanger in reverse mode (importing Ca2+) . The forward mode of this 
exchanger could be demonstrated by inhibition with bepridil. The CC has 
various pathways for passive Na+-influx: tetrodotoxin-sensitive, amiloride-
sensitive and other as yet unidentified pathways. 
Introduction 
Freshwater fish take up sodium and calcium from the water via their gills 
(Lin and Randall, 1995; Flik et ai, 1995). In the branchial epithelium two cell 
types are implicated in ion transport: specialized ion-transporting cells, the so-
called chloride cells (CCs; Foskett and Scheffey, 1982; Foskett et al, 1983; 
McCormick, 1995) and the pavement cells (PCs; see Lin and Randall, 1995). 
CCs are mainly located in the filamental epithelium. These cells are structurally 
characterised by a pit or crypt formed by the apical plasma membrane and by an 
abundance of mitochondria in association with an extensive tubular system of 
basolateral plasma membrane invaginations (Wendelaar Bonga et al, 1990; Li 
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et al., 1995; Van der Heijden et al., 1997). A specific role in Na+ uptake has 
been attributed to the PCs of the gills (Goss et al, 1992; Morgan et al, 1994): 
in these cells an apically located H+-ATPase may provide a proton motive force 
for Na+ influx via amiloride-sensitive channels (Lin and Randall, 1995). СГ is 
taken up via the CCs specifically (Marshall, 1995). This working model for 
sodium and chloride transport in fish gills is analogous to that proposed for the 
frog skin (Ehrenfeld et al., 1990; Potts, 1994), where the independent uptakes 
of sodium and chloride have been attributed respectively to skin cells and 
mitochondria-rich cells. Although the branchial epithelium of fish may be 
anatomically reminiscent of frog skin, physiological or biochemical evidence 
for this model in fish gills is as yet fragmentary and circumstantial; the proton 
pump is also present in CCs and the target for amiloride has not been 
specifically localised (Lin and Randall, 1995). Moreover, as yet very few 
species, mainly salmonids, have been studied. Na+ from the water that enters 
the cells of the branchial epithelium is extruded across the basolateral plasma 
membrane by the ubiquitous Na+/K+-ATPase. Consensus exists that the CC 
mediates the transport of calcium (see: McCormick, 1995). Ca2+ enters the CC 
down a steep electrochemical gradient, via stanniocalcin-sensitive Ca +-
channels, and is extruded from the cell to the blood via energised Ca2+-pumps 
(Rik et al. 1995), a Ca2+-ATPase and/or a Na7Ca2+ exchanger (Verbosi et al., 
1994a). 
The entry of Na+ and Ca + from the water into the cell is considered to be 
the rate-limiting step of the transepithelial transport; the extrusion mechanisms 
must, considering their kinetic properties in vitro, operate in vivo far below 
their maximum capacity (Flik and Verbost, 1993). It thus seems that the idea of 
homeostasis of intracellular free sodium (Na+,) and calcium (Ca2+,) 
concentrations is warranted. The total concentrations of Na, CI and Ca in PCs 
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and CCs have recently been reported, and these may vary in response to 
experimental manipulation of ion transport (Morgan and Potts, 1995). Data on 
free ion concentrations in gill cells have not previously been determined. This 
may relate to the difficulty in getting living gill cells to stick to glass cover 
slips, a prerequisite for the type of studies presented here. 
It is generally assumed that the CC in the opercular membrane may stand 
as a model for the CC in the gills (Wendelaar Bonga et al., 1990; Marshall et 
al., 1992). As the opercular epithelium is less complex than the branchial 
epithelium, we isolated, plated and identified CCs and PCs of tilapia 
(Oreochromis mossambicus) opercular epithelium. We measured cytosolic 
concentrations of Na+, and Ca2+, with specific fluorescent probes, using 
confocal laser scanning microscopy. Some homeostatic mechanisms were 
studied in CCs by manipulating entry and extrusion routes for Na+ and Ca +, 
with an emphasis on the roles of the Na+/K+-ATPase and the Na7Ca2+-
exchanger. Copper, an inhibitor of Na7K+-ATPase activity (Li et ai, 1996) and 
of branchial Na+ influx (Lauren and McDonald, 1987), was tested for its 
effects. 
Materials and Methods 
Materials 
Opercular epithelium was obtained from adult (75-100 g) Mozambique 
tilapia (Oreochromis mossambicus), kept in Nijmegen tapwater at 26°C. 
Reagent grade chemicals, enzymes, ionophores, blockers, culture media and 
antibiotics were purchased from Sigma. Cell-Tak adhesive was from Bicton 
Dickinson Labware, Bedford. USA. Fluorescent probes and the detergent 
pluronic Fl 27 were from Molecular Probes, Eugene, USA. 
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Isolation of opercular epithelial cells 
Fish were quickly anesthetized with phenoxy-ethanol (2 ml 1 ') and 
killed by transection of the spinal cord Opercular epithelium was carefully 
separated from the underlying connective tissue and chopped with a razor blade 
into small segments (approximately 3x3 mm2) The chopped tissue was 
incubated for 30 minutes at room temperature in 10 ml of isolation medium, 
while being mildly agitated The isolation medium contained (in mmol 1 ') 
NaCl (125), NaHC03 (10), K 2HP0 4 (3), MgCl2 (1), CaCl2 (1), aprotinin (100 
U/ml), dithiothreitol (0 1), N-[2-Hydroxyethyl]piperazine-N'-[2-efhane-
sulphonic acid] (HEPES,10, adjusted to pH 7 4 with 
Tns[hydroxymethyl]aminomethane), supplemented with glucose (10) (Verbost 
et al, 1994b) After the incubation, cells were isolated from their tissue context 
by gently passing the tissue suspension through a wide-bore pipette Increasing 
opacity of the suspension indicated the progress of the isolation procedure The 
suspension was passed through cheese cloth (mesh size 100-200 μπι) to remove 
larger tissue fragments, in this way we also removed mucus that adsorbed to the 
filter cloth The resulting cell suspension was centrifuged at low speed (125 χ g, 
5 min) and the medium was replaced by a physiological salt solution (PSS) 
containing (in mmol 1 ') NaCl (125), NaHC03 (10), NaH 2P0 4 (1), KCl (3), 
MgS04 (2), CaCl2 (1 8), glucose (10) and HEPES (10, adjusted with Tris to pH 
7 4) The loosely pelletised cells were resuspended in 2 ml of PSS 
Plating of the cells 
Isolated cells were allowed to adhere to round ( 0 22 mm) glass 
coverslips, coated with the polyphenohc protein adhesive Cell-Tak® (Waite & 
Tanzer, 1981) Just before plating, 3 μΐ of Cell-Tak (1 3 mg ml ' in 5% acetic 
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acid) was applied as a thin liquid film over the cover slip, and the acetic acid 
was allowed to evaporate. The coverslips were then rinsed with distilled water 
and dried at room temperature. Next, 500 μΐ cell suspension (equivalent to 
10.000 -50.000 cells) was placed on each coverslip and left undisturbed for 15 
min at room temperature under atmospheric conditions to allow the cells to 
adhere. Subsequently, non-adhering cells were removed by rinsing the 
coverslips with PSS. The coverslips with cells were then stored in L-15 
Leibovitz culture medium supplemented with penicillin (100 UE/ml), 
streptomycin (100 μg/ml) and 10% fetal calf serum (FCS). Over 90 % of the 
plated cells were viable, as routinely assessed 6h after isolation by a Trypan 
Blue exclusion test. 
Identification of CCs 
Using phase contrast optics, the CCs among the isolated cells were 
identified as large ( 0 10-20 μπι) spherical to ovoid, finely granular cells with a 
centrally located nucleus. This identification was confirmed by staining the 
cells with the fluorescent vital stain for mitochondria, DASPEI (excitation at 
488 nm and emission at 530), using a Biorad MRC-600 confocal laser scanning 
microscope (Li et al., 1995). 
Determination of [Na+J and [Ca +J 
Plated cells were loaded in the dark with the cell permeant fluorescent 
probes, Sodium-green (tetra-acetate salt) for the measurement of [Na+], 
(Amarino and Fox, 1995), and Fluo-3 or Fura-red for the measurement of basal 
[Ca2+],. Fura-red fluorescence decreases with increasing [Ca2+],. Cells were 
loaded by exposure to the AM esters of these probes. Coverslips with the plated 
cells were placed in PSS, containing ΙμπιοΙ.Γ1 pluronic F127 and either the 
sodium-green (10 μιηοΐ.1 "') or one of the Ca2+-probes (5 цтоІ.Г1 and όμηιοΙ.Γ1 
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for Fluo-3 and Fura-red, respectively). After 60 min loading at room 
temperature the cells were washed three times with PSS to remove extracellular 
probe and detached cells. Next, the coverslip was mounted at the bottom of a 
microscope chamber that was filled with 1 ml PSS. The chamber was placed on 
the stage of an inverted microscope (Nikon, Diaphot, Tokyo, Japan) equipped 
with a 60x oil-immersion objective (numerical aperture = 1.4). Excitation of 
probes at 488 nm was realized by directing the light of a 15 mW Argon ion 
laser through an excitation filter (488 DF 10). To reduce bleaching of 
fluorescent probes, the laser emission was attenuated to 10% by introducing a 
neutral density filter. For Fluo-3 and Sodium-green, the "BHS"-block was used: 
fluorescent light was passed through a dichroic reflector (DR 510 LP) and a 
barrier filter (OG 515), and the emission at 530 nm collected. For Fura-red, a 
combination of the "BHS"- and the "A2"-block was used, with a dichroic 
reflector (DR 565 LP) and a long-pass filter (EF 600 LP), to collect the 
emission at 609 nm. Background fluorescence was continuously monitored and 
(automatically) corrected for. 
Optical sections of around 1 μπι in the Z-direction were realized by 
opening the confocal pinholes to approximately 50% of their maximum setting. 
Fluorescence intensities were recorded with an AT compatible 486-66 MH2 
computer, equipped with time-course radiometric software (Bio-Rad 
Microscience), and all fluorescent recordings were stored on hard and optical 
disc for further analysis. 
For calibration of basal [Na+]„ maximum fluorescence (F
m a x
) was 
measured after 20 цтоІ.Г1 digitonin had been added; the minimum 
fluorescence (F
mm
) could be equated to the background fluorescence (Fb k g). To 
calculate basal fCa2+],, a "Mn2+-calibration" was performed (Kao et al., 1989). 
In short, the F
m a x
 was obtained by adding 2.5 μπιοΙ.Γ1 of the Ca2+-specific 
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ionophore ionomycin, followed by addition of 2 mmol.l' MnS0 4 to obtain FM n; 
then predicted F
m a x
 would be (FM n - Fbkg)/0.2 + F b k g . Since Ca2+-free Fluo-3 has 
only 1/40 of the fluorescence of the Ca2+ complex, the F
m
„ should be (F
m a x
 -
Fbkg)/40 + Fbkg · 
Intracellular concentrations of Na+ or Ca2+, [Me],, were calculated by the 
equation 
[ M e l ^ K d C F - F ^ M F n ^ - F ) , 
where the values for the dissociation constant (KJ for Na+ /Sodium-green and 
Ca2+/Fluo-3 were taken as 21 mmol.Γ' and 400 nmol.l ', respectively. 
The data on the changes in fluorescent signals upon manipulation of the 
cells were normalised to baseline values which were designated 1.0; values for 
Fura-red fluorescence were inverted (as fura-red fluorescence intensity 
decreases when Ca2+, increases) before being normalised; during the 
experiments no significant bleaching of the fluoroprobes was observed 
(Scheenen et al., 1996). 
Homeostatic mechanisms in CCs 
To study homeostatic control mechanisms for [Na+], and [Ca2+], of CCs, 
we measured the changes in the fluorescent signals of the Na+- and Ca2+-probes 
after interfering with entry and extrusion routes of Na+ and Ca2+. Intracellular 
sodium was manipulated by replacing Na+ in the medium by equimolar 
amounts of N-Methyl-D-Glucamine+ (NMDG+). Ouabain (1 mmoU"1) was used 
to inhibit Na7K+-ATPase activity. Cu(N03)2 (4 цтоІ.Г1) was added to 
evaluate the effects of Cu2+. Na+-influx was manipulated with 2 pmol.l"1 
tetrodotoxin (TTX; Van Driessche and Zeiske, 1985) or 50 μιτιοΙ.Γ1 amiloride 
(Zadunaiski et al., 1995). 
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Na+/Ca"+ exchange activity requires the action of Na+/K+-ATPase for the 
maintenance of the Na+-gradient across the membrane, which drives the 
extrusion of Ca2+ via this carrier. Changes in [Ca2+], were followed upon 
replacement of extracellular Na+ by NMDG+, in the presence of a high (1.8 
mmol.r') as well as low levels of Ca2+ (50 μηιοΙ.Γ1) in the medium. Under 
conditions of low Na+ levels in the external medium, the Na+/Ca2+-exchanger is 
predicted to operate in its reversed mode (Snowdowne and Borle, 1985). The 
Na+/Ca2+ exchange blocker bepridil was tested at 50 μ mol.Γ ' (Garcia et al., 
1988). Since bepridil is a partial blocker with relatively low affinity (maximally 
60% inhibition, K, = 70 μηιοΙ.Γ1 for the exchanger in enterocyte plasma 
membranes; Flik et al., 1990) and has a lipophilic nature, we assessed 
membrane integrity when testing its effects. To this end, we used the 
monomeric cyanine nucleic acid stain TO-PRO-1 (Molecular Probes™, 
T3602). This probe is cell impermeant and fluoresces (excitation at 488 nm and 
emission at 515nm) only upon binding to DNA/RNA. Measurements of dual 
emissions (for Fura-red and TO-PRO-1) were analysed using a ratiometric, 
time-course software package (TCSM, BioRad). This allowed us to record the 
fluorescence signals of Fura-red and TO-PRO-1 in a single cell. TO-PRO-1 (2 
μηιοΙ.Γ1) was added to the medium. 
Statistics 
Each experiment was carried out with at least six different batches of 
cells, and of each batch at least 10 cells were measured per treatment. The 
figures on changes in fluorescence signals are taken from representative 
experiments. Values for [Na+], and [Ca2+], are the mean ± S.E. of at least 6 
experiments. Statistical significance of differences was assessed using Student's 
r-test; significance was accepted when P<0.01. 
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Results 
Identification and viability of CCs and PCs 
In the isolated cell population two prominent cell types could be 
discerned at first sight: large ( 0 : 10 - 20 pm; Fig. la) spherical to ovoid cells 
with fine granules and prominent nuclei, and small round cells ( 0 < 10 pm). 
Since the larger cells accumulated DASPEI (Fig. lb) more than any other cell 
in this suspension, we designated them as CCs (Li et al., 1995). The smaller 
cells in suspension were essentially DASPEI-negative and were therefore 
designated as pavement cells (PCs). As cell size and degree of granulation 
alone are not conclusive indicators of cell type, CCs were routinely identified 
by DASPEI-poststaining. 
Figure 1. Identification (using a confocal laser scanning microscope) of a mitochondrion-rich 
cell (chloride cell) isolated from opercular epithelium, after vital staining of the plated 
suspension with DASPEI (a). Opercular epithelial cells shown with light transmission 
microscopy, (b). Mitochondrion-rich cell demonstrated by DASPEI fluorescence in the same cell 
preparation. Note the specific sequestering of the DASPEI in the mitochondria. Bar: 5 μπι. 
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Table 1. Basal concentrations of intracellular Na+ ([Na+],) and Ca2+ ([Ca2+],) in isolated 
chloride cells (CCs) and pavement cells (PCs) of opercular epithelium of tilapia 
[Na+], mmol 1 [Ca2+], nmol 1 ' 
CCs 10 7 ± 4 3(n=20) 95 ± 15(n=20) 
PCs 12 6 ± 3 9(n=25) 89 ± 13(n=25) 
Data are means ± SE, η indicates the number of cell suspensions tested 
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Figure 2. Effect of ouabain on intracellular sodium (Na+,) in an isolated CC Fluorescence 
intensity of Sodium-green started to increase at about IO min (represented by the break, //) 
after addition of 1 mmol 1 ' ouabain Addition of 20 μπιοί 1 ' digitonin further and maximally 
increased the fluorescence intensity Values for fluorescence intensity were normalised and 
presented in arbitrary units (A U ), baseline fluorescence was designated as I 0 
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1.8 г 
Figure 3. Effects of copper (Cu) on Sodium-green fluorescence of an isolated CC and the 
effect of the addition of the cell-permeant Cu chelator TPEN. Following addition of 
Cu(NOi)2 (4 μπιοΙ.Γ1), Sodium-green fluorescence started to increase after about 10-15 min 
(indicated by the break, //). Subsequent addition of 100 μΜ TPEN restored the signal to a 
near basal level. Values for fluorescence intensity were normalised and presented in arbitrary 
units (A.U.); baseline fluorescence was designated as 1.0. 
Basal [Na+]i and [Ca + /, in CCs and PCs 
The CCs and PCs selected for the measurements of basal [Na+], and 
[Ca2+], showed uniform fluorescence in the cytoplasm compartment for each of 
the probes tested. The Na+-ionophore gramicidine-D (5 μg.mΓ1; Ahlemeyer et 
al., 1992) did not induce maximum fluorescence of Sodium-green, but addition 
of digitonin (20 μιηοΙ.Γ1) increased fluorescence to a maximum (data not 
shown). The [Na+], in cells at rest is 12.6 ± 3.9 mmol.l"1 for PCs and 10.7 ± 4.3 
mmol.Γ' for CCs and was not significantly different between these two cell 
types. Basal [Ca2+], did not differ (P > 0.15) in PCs and CCs and was 8 9 + 1 3 
and 95 ± 15 nmoU"1, respectively (Table 1). The values for resting levels of 
intracellular sodium and calcium in PCs and CCs are in line with observations 
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Figure 4. Change in Fura-red fluorescence in an isolated CC subjected to different 
experimental regimes (a) Replacement of extracellular sodium (Na+0) by NMDG+ (in the 
presence of 1 8 mmol 1 ' Ca2+0) induced a large increase of Ca2+, Re-addition of Na+„ (in 
PSS) rapidly brought the Ca2+, back to the basal level A subsequent addition of 2 μιτιοί 1 ' 
юпотусш induced a further increase of Ca2+,, which was reversed by 2 mmol 1 ' EGTA (b) 
In the presence of 50 μιτιοί 1 ' Ca2+0, removal of Na
+
0 resulted in a smaller rise in Ca
2+
, 
Values for Fura-red fluorescence were inverted and subsequently fluorescence intensity was 
normalised and presented in arbitrary units (A U ), baseline fluorescence was designated as 
10 
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Figure 5. Effects of bepridil on Fura-red and TO-PRO-1 fluorescence Phase a after addition 
of 50 μηιοΐ.ΐ1 bepridil (and 0 2 μιηοΐ 1 ' TO-PRO-1), the Ca2+, increased likely due to 
inhibition of Na+/Ca2+-exchange activity. Phase b a sudden rise in Ca2+, coincided with an 
increase of the TO-PRO-1 signal, indicating loss of membrane integrity Values for Fura-red 
fluorescence were inverted and subsequently fluorescence intensity was normalised and 
presented in arbitrary units (A U ), values for TO-PRO-1 fluorescence were normalised and 
presented in arbitrary units (A U ), baseline fluorescence was designated as 1 0 
on a variety of cells of vertebrate species (Negulescu et al 1990; Ahlemeyer et 
al, 1992, Petersen et al., 1994) and confirm the viability of our cells m primary 
culture We then focused our studies on the mechanisms involved in 
maintaining intracellular levels of sodium and calcium, specifically in the CC 
Manipulating Na+/K*-ATPase activity 
Effects of ouabain. Figure 2 shows that a constant Na+, level in a CC 
depends on the activity of Na+/K+-ATPase: Na+ efflux became inhibited about 
10 min after the cells were exposed to ouabain (1 mmol 1 '), this was indicated 
by an increase in the Sodium-green signal, reflecting an increasing level of 
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Amiloride+TTX 
Figure 6. Effects of amilonde and tetrodotoxin (TTX) on Na+ influx in isolated CCs (a) 
Replacement of Nd+0 by NMDG
+
 resulted in a drop of Na+, Re-addition of Na+0 (in PSS) 
rapidly reversed Na+, to the basal level (b) Addition of 2 μττιοΙ I ' TTX, prior to readdition of 
Na+ (in PSS), prevented complete restoration Na+, (c) Addition of 50 μπιοί 1 ' amilonde, 
prior to re addition of Na+ (in PSS), had a similar, yet less pronouced effect than TTX (d) 
Addition of both TTX (2 μτηοΐ 1 ') and amilonde (50 μπιοί 1 '), prior to re-addition of Na+0 
(in PSS), only partly prevented restoration of Na+, Values for fluorescence intensity were 
normalised and presented in arbitrary units (A U ), baseline fluorescence was designated as 
I 0 
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Na+,. Intracellular Na+ was further and maximally increased after the cell was 
rendered permeable with digitonin. Replacement of extracellular sodium (Na+0) 
by NMDG+ in the presence of extracellular potassium (K+0) led to a larger 
decrease in the basal Sodium-green signal than that observed in the absence of 
K+0 (data not shown), which was further proof that Na+ efflux is mediated by a 
Na7K+-ATPase. 
Effects of Cu2+. After exposure of the cells to Cu(N03)2 for 5 - 15 min, 
the Sodium-green signal increased, indicating an increase of Na+,. Addition of 
N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine (TPEN), a membrane-
permeant chelator with great affinity for Cu (Arslan et al., 1985), reversed the 
rise in Na+, caused by Cu within about 15 min, albeit only partly (Fig. 3). 
Manipulating Na* /Ca2* -exchange activity 
Evidence for Na7Ca2+-exchange activity in CCs is shown in Figures 4 
and 5. Replacement of extracellular Na+ by NMDG+ increased the values for 
normalised fluorescence (an actual decrease in Fura-red fluorescence occurs 
under these conditions), indicating an increase in Ca2+,. This rise in Ca2+, was 
greater in the presence of 1.8 mmol.Γ' extracellular calcium (Fig. 4a), than in 
the presence of 50 цтоІ.Г1 extracellular calcium (Fig. 4b). Re-introduction of 
Na+ in the medium (replacing it with PSS) restored the basal Fura-red signal. 
Iononomycin, a specific calcium ionophore, induced a strong Ca2+ influx, 
which was reversed by addition of 2 mmol.i"1 EGTA (Fig. 4a,b). 
Addition of 50 pmol.l"' bepridil increased the normalised fluorescence of 
Fura-red, indicating an increase in Ca2+, (Fig. 5), and this may be explained by 
an inhibition of the exchanger in its forward mode. Exposure of the cells to 
bepridil typically resulted in a biphasic response: a slow rise in intracellular 
calcium and constant TO-PRO-1 fluorescence (phase a) was followed by a 
sudden decrease in Fura-red fluorescence and an increase in TO-PRO-1 
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fluorescence, indicating a remarkable rise in Ca +„ which could result from an 
increase in membrane permeability to Ca2+ (phase b). 
Manipulating Na+ influx 
To characterise Na+ influx routes in the CC, cells were challenged with a 
sodium-free medium (replacing Na+ with NMDG+) to lower the levels of 
cytosolic sodium. Next, Na+-influx was stimulated by replacement of the 
sodium-free medium with PSS. In the controls, Na+, came back to basal levels 
(Fig. 6a). The addition, prior to Na+ replacement, of the Na+-channel blocker 
TTX or of the Na+/H+-exchange inhibitor amiloride, or of a combination of 
these two pharmaca prevented the recovery of basal levels of Na+, (Fig. 6b, с 
and d). The combination of TTX and amiloride never fully blocked Na+ influx. 
Discussion 
We here report, for the first time, on free intracellular sodium and 
calcium concentrations in chloride cells (CCs) and pavement cells (PCs) 
isolated from opercular epithelium of a teleost fish. The operation of Na+/K+-
ATPase and Na+/Ca2+-exchanger activities in the CC and the involvement of 
these carriers in intracellular sodium and calcium homeostasis is demonstrated. 
The CC has tetrodotoxin-sensitive, amiloride-sensitive and other, as yet 
unidentified, influx routes for Na+. 
Isolation of branchial cells 
To identify chloride cells in our suspensions of isolated opercular cells, 
we used the vital stain DASPEI. In numerous other studies on the morphology 
and biochemistry of PCs and CCs from fish gills (Hootman and Philpott, 1979; 
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Perry and Walsh, 1989; Verbost et al, 1994b), the CCs were discriminated 
from PCs either by probes for mitochondria (e.g. the vital stain DASPMI; Li et 
al, 1995; Van der Heijden et al, 1997) or for Na7K+-ATPase (e.g. the 
fluorescent anthroyl-ouabain; McCormick, 1992); mitochondria and Na+/K+-
ATPase are more or less confined to the CCs of the epithelium. We cannot, at 
this moment, discriminate subtypes of chloride cells (e.g. accessory cells, 
immature and mature cells; Wendelaar Bonga et al, 1990; α- or ß-type CCs; 
Pisam et al., 1995); nor have we applied probes for proliferation or apoptosis to 
discriminate different phases in the cell cycle. The relatively broad range in 
basal levels of cytosolic Na+ and Ca2+ may be related to this kind of 
inhomeogeneity of the cells under investigation. 
Cell-Tak®, but not poly-L-lysine or gelatin, proved to be suitable to 
immobilize CCs on glass coverslips. Cell-Tak contains a polyphenolic protein 
of the mussel Mytilus edulis (Waite and Tänzer, 1981); the mussel secretes this 
protein to glue its byssus to a substratum. To avoid possible damage during the 
isolation of CCs, we omitted enzymatic treatments with trypsin or 
hyaluronidase. Such treatments are commonly used in cell biology, but bear the 
potential risk of damaging extracellular components of intrinsic proteins. The 
fact that we were able to show the operation of Na+/K+-ATPase and Na+/Ca"+-
exchanger activities in CCs lends support to our approach. 
Intracellular Na+, and Ca +, concentrations of CCs and PCs 
Several studies (Foskett and Scheffey, 1982; Marshall et al, 1993; 
Marshall, 1995) have characterized ion tranports mediated by CCs, using 
opercular epithelium. However, reports on investigations into intracellular Ca2+ 
and Na+ levels are, to the best of our knowledge, lacking so far. This gap, at 
least in our opinion, is related primarily to technical problems. One 
58 
Chapter 3 
complication, in our experience, is that freshly isolated CCs do not easily 
adhere to glass coverslips, a requirement for microscopic analysis with 
fluorescent probes. Of many (combinations of) glass coatings, so far only Cell-
Tak gave satisfying results. Another complication is that we had to use freshly 
isolated cells, as isolated CCs do not survive prolonged culture conditions (Part 
and Bergström, 1995). Removal of cells from their epithelial context and the 
subsequent process of adherence to a support may be anticipated to affect 
intracellular signal pathways and thus basal levels of Na+, and Ca +,. 
The [Na+], measured in isolated CCs and PCs ranged from 6.4 to 16.5 
mmol.l'1. Under our experimental conditions, no significant difference between 
the mean values for [Na+], of CCs and PCs was observed. These resting levels 
are about 20% of the total [Na] in the cell, which comes to 50-80 mmol.l"1 
(Wood and LeMoigne, 1991; Eddy and Chang, 1993; Morgan et al., 1994). We 
cannot exclude the possibility that the [Na+], was affected by the isolation 
procedure; also the subsequent stay of the cells in PSS, which differs from the 
in-situ situation in that the apical membrane no longer faces fresh water, may 
have had unknown effects on Na,. A cytosolic Na+ level of around 10 mmol.l"1 
is in line with the Kos of Na7K+-ATPase for Na+ of and of 13 mmol.l"1 in trout 
gills (Flik et al., 1996) and 9.9 mmol.ï'in tilapia gills (Flik, 1997); cytosolic 
sodium is a pivotal regulator of Na+/K+-ATPase activity (Ewart and Klip, 
1995). Moreover, the [Na+], of the CCs and PCs in our study falls in the range 
of 4 to 26 mmol.l1 reported for a variety of other vertebrate cell types 
(Harootunian et al, 1989; Negulescu et al, 1990; Ahlemeyer et ai, 1992; 
Törnquist and Ekokoski, 1993). 
Our data on [Ca2+], in the CCs and PCs are in excellent agreement with 
the concentrations reported for other vertebrate cells (Petersen et al., 1994). It 
seems a general rule that [Ca2+], in cells of vertebrates at rest is around 100 
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nmol.l '. This value for the CC is consistent with the K 0 5 for Ca
2+
 of the Ca2+-
extruding ATPases and thus with a regulatory role of cytosolic calcium in the 
activity of this pump (Flik and Verbost, 1993; Verbosi et ai, 1994b; Flik et al., 
1995). Cytosolic free Ca + is an important regulator of many cell-physiological 
processes. As high Ca2+ levels are toxic, cytosolic Ca2+ is maintained at a 
submicromolar level; on the other hand, extracellular Ca2+ is maintained at a 
millimolar concentration. This asymmetrical distribution of calcium is crucial 
to short rises in [Ca2+], for signal transduction and for signals that initiate 
cytotoxic processes (Orrenius et al., 1989; Petersen et al., 1994). The [Ca2+], of 
branchial epithelial cells from this tilapia is in line with the value for 
enterocytes of the same species (Schoenmakers et al., 1992). We conclude that 
these freshly isolated cells are able to control their basal [Na+], and [Ca2+], at a 
physiological level. 
The importance of Να+/Κ* -ATPase for the CC 
In an isolated CC, [Na+], increased after addition of the specific Na+/K+-
ATPase inhibitor ouabain, confirming that this sodium pump plays a role in 
Na+, homeostasis. As addition of digitonin after application of ouabain further 
increased the fluorescence, the rise in Na+, in the presence of ouabain did not 
result from an aspecific influx. At least three phenomena may underlie the 
establishment of the new plateau level of [Na+], in the presence of an ouabain 
block. First, inhibition of the Na+/K+-ATPase activity stops Na+ export from the 
cell and thus depolarizes the membrane, which in turn will slow down Na+ 
influx. Secondly, Na+ channels (see below) in the CC could be closed down by 
the rise in Na+, resulting from the inhibition of the Na+ pump and the 
consequent change in the membrane potential difference. Thirdly, when [Na+], 
increases above approximately 35 mmol.Г the Na"7Ca"+ exchanger reverses its 
mode (Snowdowne and Borle, 1985), exporting Na+ (see below); the import of 
60 
Chapter 3 
Ca + could be counteracted by Ca +ATPase activity. 
Effects of Cu 
Cu reversibly disturbed Na+, homeostasis, but never significantly increased 
Ca2+, (data not shown). We relate these effects to an inhibition of Na+/K+-
ATPase activity of the CC, resulting in an increase of Na+,. Cu2+ specifically 
inhibits membrane Na+/K+-ATPase activity in many cell types (Lauren and 
McDonald, 1987; Benders et al., 1994; Li et al, 1996) and was therefore used 
here as a tool to predictably manipulate Na+,. In cultured human muscle cells Cu 
exposure leads to a direct increase of Na+, and a subsequent rise of Ca~+, 
(Benders et al., 1994) through the activation of the reversed mode of a 
Na+/Ca2+-exchanger. A similar rise in Ca2+, did not occur in CCs exposed to Cu 
(data not shown). We explain the effects of Cu on the CC as follows. First, Cu 
increases Na+, in a manner comparable to that of ouabain, indicating Na7K+-
ATPase as a target. Second, TPEN, when used as a specific, cell-permeant 
chelator of Cu, brought Na+, back almost to the basal level, which indicates a 
reactivation of the pump. The effect of TPEN on the Cu-intoxicated cell is in 
perfect agreement with biochemical data on Na+/K+-ATPase: Cu2+ competes 
with Mg2+ when it inhibits the Na+/K+-ATPase, and this inhibition was 
overcome by chelating Cu to dithiothreitol (Li et al., 1996). These results would 
further suggest that in our Cu-exposed cells Cu binds to a cytosolic site of the 
ATPase. We conclude from the observation that TPEN never fully reversed the 
effects of copper that some copper is covalently bound to cell components. 
Third, changes in Ca2+, seen in muscle cells exposed to Cu resulted from the 
operation of the Na+/Ca2+-exchanger in its reversed mode, but in the CC this 
action of the exchanger may be counteracted by presumed Ca2+ exporting 
activity of Ca2+-ATPase activity (Flik et al., 1996). Our results do not favor the 
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notion of a general increase of membrane permeability induced by Cu. If such a 
general increase occurred, an abrupt rise of Ca2+, would be predicted, because of 
the large Ca2+ gradient across the plasma membrane. Moreover, a general 
change of membrane permeability caused by Cu would have led to increased 
loss of the fluorescent probes from the cell (Rose et al, 1993; Benders et al., 
1994), which we did not observe. Fourth, the half-maximum inhibitory 
concentration of Cu2+ for Na+/K+-ATPase is 100 nmol.l"1 (Li et al, 1996), 
making this enzyme a sensitive target for the heavy metal. We stress that in our 
experiments the free Cu2+, which is the most toxic species, was unknown. 
The importance of Na+/Ca2+ exchanger activity for the CC 
Na+/Ca2+-exchangers have been demonstrated in the plasma membrane of 
most cell types (Chern, et al., 1992; Ye and Zadunaisky, 1992; Benders et al, 
1994), including the chloride cells of the gills of the tilapia used in this study 
(Verbosi et al, 1994a). The Na7Ca2+ exchanger in the CC is presumed to 
extrude Ca2+ from the cells (i.e. to operate in its forward mode), using the 
energy stored in the Na+-gradient. 
Analyses of plasma membrane preparations made of intestinal and renal 
epithelia of tilapia indicate that either the Na7Ca2+-exchanger (intestine) or a 
Ca2+-ATPase (kidney) drives transcellular Ca2+ uptake in these epithelia (Flik et 
al, 1996). In the branchial epithelium, however, both carriers are equally 
present and active (Verbosi et al, 1994a) and so far no specific role of either 
carrier in homeostatic or vectorial transport is indicated. 
The activity of the Na+/Ca2+-exchangers can now be demonstrated at the 
level of the isolated CC. We provide two lines of evidence. First, in its reversed 
mode - realized by removal of external Na+ (Snowdowne and Borle, 1985) -
the Na7Ca2+-exchanger should become dependent on [Ca +]0 . Indeed, the Ca + 
influx was lower when the concentration of extracellular Ca2+ was lowered. The 
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rapid Ca + influx caused by removal of extracellular Na+ and the dependence on 
extracellular Ca2+ strongly favor the idea that the Na7Ca2+-exchanger operated 
in a reversed mode (Snowdowne and Borle, 1985; Herchulz and Lebrun, 1993; 
Benders et ai, 1994). Second, bepridil, a blocker of the exchanger via one of 
its three sodium sites (Slaughter et ai, 1988), increased Ca2+, (and decreased 
Na+,; data not shown) in accordance with an inhibition of the forward mode of 
the carrier. Such inhibition should prevent Ca2+ efflux and the cell should gain 
Ca +. However, bepridil is not a specific pharmacon in an assay of whole cells. 
Following an initial rise of the [Ca +]„ a second increase of Ca +, and a change 
in membrane permeability were observed (as indicated by the concurrent 
fluorescent changes of Fura-red and of TO-PRO-1). We attribute this second 
increase in Ca +, to membrane damage caused either directly by bepridil or 
indirectly by the cytotoxicity of a raised Ca2+,, or to a combination of these 
effects. We further cannot exclude that bepridil affected Ca +-ATPase activity 
(Younes et al., 1981) in the CC or blocked calcium channels (Capparelli, 
1992); clearly such interactions with the cell cannot easily be discriminated, but 
all would lead to a rise in intracellular calcium. 
Our data favor a role for Na+/Ca2+-exchange in intracellular Ca2+ 
homeostasis of the CC in tilapia. The electrochemical conditions in vivo predict 
a forward mode of the exchanger. We predict that its regulation is governed 
more by the electrical than by the chemical conditions of the cell. The affinity 
of the carrier for Ca2+ (2.04 μπιοΙ.Γ1; Verbost et ai, 1994a) is too low to allow 
regulation by the much lower cytoplasmic calcium levels; also its affinity for 
Na+ (48 mmol.r'in trout gills; Flik et ai, 1997) would predict continuous 
saturation by plasma sodium levels. 
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Na+ influx 
The partial blockage of the Na+ influx by TTX, amiloride, or a 
combination of these blockers, suggested that Na+ can move into the CC along 
at least three pathways other than the Na+/Ca2+-exchanger (in its reversed 
mode): a TTX-sensitive Na+-channel, an amiloride-sensitive Na7H+-exchanger, 
and as yet undefined Na+ pathway(s). A similar set of Na+ entry routes has 
been described for a variety of other non-excitable cell types (Watsky et al., 
1991; Wen et al, 1994; Negulescu et al., 1990; Lin and Randall, 1995). We 
have no data that would allow us to discriminate between the apical or 
basolateral subdomain of the plasma membrane as possible sites of the effefcts 
of these pharmaca. Interestingly, Zadunaiski and colleagues have given 
evidence for a sodium/proton-exchanger in the apical membrane of the CC in 
Fundulus opercular epithelium (Zadunaiski et al., 1995). We have the 
impression that the CC tends to adhere to the coverslip with its basolateral side 
and, given the possible resolution of CSLM analysis, Na+-flux through 
channels may eventually be specifically localized in the basolateral or the 
apical plasma membrane domain, by demonstrating subcellular changes in ion 
levels. At present we are investigating the possibility of applying concanavalin-
A-fluorescein conjugates to recognize the apical membrane of the isolated CC 
(Li et al., 1995; van der Heijden et al., 1997). The incomplete block of Na+ 
influx by TTX plus amiloride suggests that other, as yet unknown, pathways for 
Na+ influx exist in CCs. 
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Cu effects on [Na+], and [Ca2+], 
Abstract 
Copper (Cu +) intoxication has been shown to induce pathological changes 
in various tissues. The mechanism underlying Cu2+ toxicity is still unclear. It has 
been suggested that the Na+/K+-ATPase and/or a change of the membrane 
permeability may be involved. 
In this study we examined the effects of Cu2+ on the Na+ and Ca2+ 
homeostasis of cultured human skeletal muscle cells using the ion-selective 
fluorescent probes SBFI and Fura-2, respectively. In addition, we measured the 
effect of Cu2+ on the Na+/K+-ATPase activity. 
Cu2+ and ouabain increase the cytoplasmic free Na+ concentration ([Na+],)· 
Subsequent addition of Cu2+ after ouabain does not affect the rate of [Na+], 
increase. Cu2+ inhibits the Na+/K+-ATPase activity with an IC50 of 51 μΜ. The 
cytoplasmic free Ca2+ concentration ([Ca2+],) remains unaffected for more than 
10 min after the administration of Cu2+ Thereafter, [Ca2+], increases as a result of 
the Na7Ca2+-exchanger operating in the reversed mode. The effects of Cu2+ on 
the Na+ homeostasis are reversed by the reducing and chelating agent 
dithiothreitol and the heavy metal chelator TPEN. 
In conclusion, SBFI is a good tool to examine Na+ homeostasis in cultured 
human skeletal muscle cells. Under the experimental conditions used, Cu2+ does 
not modify the general membrane permeability, but inhibits the Na+/K+-pump 
leading to an increase of [Na+],. As a consequence the operation mode of the 
Na+/Ca2+-exchanger reverses and [Ca2+], rises. 
Key words: Human skeletal muscle cells, Copper toxicity, Sodium 
homeostasis, Calcium homeostasis, NaVK+-ATPase, Na+/Ca2+-
exchanger, DTT, TPEN 
72 
Chapter 4 
ABBREVIATIONS 
DTT: dithiothreitol 
EGTA: ethylene glycol-bis(ß-aminoethyl ether)-N,N,N',N'-tetraacetic acid 
NMDG: N-methyl-D-glucamine 
PSS: physiological salt solution 
SBFI: sodium-binding benzofuran isophtalate 
TPEN: N,N,N',N'-tetrakis(2-pyridylmethyl)ethylenediamine 
[Ca2+]j : cytoplasmic free Ca2+ concentration 
[Na+]i : cytoplasmic free Na+ concentration 
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Introduction 
Cu~+ is essential for various enzymes, e.g. cytochrome с oxidase [1]. Its 
concentration is carefully controlled by homeostatic mechanisms. In plasma and 
cytoplasm the copper binding proteins ceruloplasmin and metallothionein, 
respectively, play an important role [7, 10, 17]. Studies on the toxic effects of 
Cu2+ on liver, kidney and smooth muscle cells have shown severe pathological 
changes [20, 33]. However, the mechanism underlying Cu2+ toxicity is still 
unclear. Kramhoft et al. attributed the Cu2+ -induced increase of the Na+ influx 
into Ehrlich ascites tumor cells to either an inhibition of the Na+/K+-ATPase or 
to an increase of the Na+ permeability of the plasma membrane [21]. Cu2+ has 
also been shown to alter general membrane properties and to increase rapidly 
passive permeability to both cations and anions in heart mitochondria [15], gill 
epithelial cells [29] and renal proximal tubule cells [19]. 
Since Na+/K+-ATPase is the primary mechanism for the active transport of 
Na+ and K+ between the extra- and intracellular fluids, inhibition of this pump 
will seriously disrupt the steady-state level of the cytoplasmic free 
concentrations of Na+ and K+. On the other hand, if Cu2+ intoxication increases 
the membrane permeability then simultaneous changes of Na+, K+ as well as 
Ca2+ will take place, since their steep transmembrane ion gradients can no longer 
be maintained. To our knowledge no studies have been carried out to show the 
direct consequences of Cu2+ intoxication for the cytoplasmic free Na+ ([Na+],) 
and/or Ca2+ concentration ([Ca2+],) in living cells. Several methods have been 
applied to measure cellular Na+ concentration. Flame photometry and 2 2Na+ 
tracer experiments quantify total instead of free Na+ and are destructive assays 
[13]. Na+-selective microelectrodes are limited to relatively large cells, whereas 
nuclear magnetic resonance of 23Na demands large quantities of tissue [13]. 
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In cultured human skeletal muscle cells we determined the effect of Cu"+ on 
[Na+], and [Ca2+], by means of fluorescent indicators specific for Na+ or Ca2+, i.e. 
sodium-binding benzofuran isophthalate (SBFI) [25] and Fura-2 [12], 
respectively. We were unable to study ion homeostasis in separate fibers from 
human muscle, because it is impossible to isolate them intact. However, cultured 
skeletal muscle cells exhibit many characteristics which resemble the in vivo 
situation, e.g. signal transduction mechanism [4] and oxidative metabolism [5, 
41]. Na+/K+-ATPase is abundantly synthesized in these cells. Its location in the 
plasma membrane is comparable to the in vivo situation [6]. Since the Cu2+-
induced increase of [Ca2+], was delayed regarding to the [Na+], increase, we 
investigated a possible involvement of the Na7Ca2+-exchanger. Moreover, we 
examined the effect of dithiothreitol (DTT) on the Cu2+-induced change of 
[Na+]„ since DTT protects against heavy metal intoxication by either preventing 
oxidation of thiol groups or by chelating the heavy metals from membranes and 
proteins [19, 34, 39]. To discriminate between both possibilities we also inves-
tigated the effect of N,N,N',N'-tetrakis(2-pyridylmethyl)ethyIenediamine 
(TPEN), a specific membrane-permeable heavy metal chelator without reducing 
properties [2]. 
Materials and methods 
Materials 
SBFI/AM, Fura-2/AM and pluronic F-127 were purchased from Molecular 
Probes, Eugene, OR, U.S.A; and gramicidin D, nigericin, monensin, ouabain and 
TPEN from Sigma, St Louis, MO, U.S.A.. 
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Human skeletal muscle cell cultures 
Muscle biopsies from m. quadriceps, m. biceps or rectus abdominis were 
obtained from individuals without any known muscular disorder, as approved by 
the Committee on Medical Ethics. Samples were dissociated and the isolated 
satellite cells were cultured on glass coverslips (10x30 mm, fluorescence ratio 
measurement; JE 22 mm, digital imaging) in serum-containing media as 
described by Jacobs et al. [16]. All experiments were performed with myotubes 
obtained after 7 days of differentiation. 
Fluorescence ratio measurement and digital imaging 
The free cytoplasmic Na+ ([Na+],) or Ca2+ concentration ([Ca2+],) was 
determined by fluorescence ratio measurement [25, 12] and digital imaging [26]. 
Myotubes were washed with physiological salt solution (PSS) containing in 
mM: 125 NaCl, 10 NaHC03, 1 NaH2P04, 5 KCl, 2 MgS04, 1.8 CaCl2, 10 Hepes 
and 10 glucose; pH 7.4 and loaded in 1 ml PSS with 10 μΜ SBFI/AM and 50 
μΜ pluronic F-127, or in 1 ml PSS with 5 μΜ Fura-2-AM for 60-90 min at 37°C 
in the presence of 5% C 0 2 and 95% air. Excess of dye was removed by washing 
thrice with PSS. 
о 
Coverslips were mounted into a thermostatically controlled (37 C) cuvet 
(ratio measurement) or heating chamber (imaging). During ratio measurements 
fluorescence was recorded with a Shimadzu RF-5000 spectrofluorophotometer 
at an emission wavelength of 492 nm (bandwidth 5 nm) and alternating 
excitation wavelengths of 340 and 380 nm (bandwidth 3 nm). Digital imaging 
was performed using the MagiCal hardware and TARDIS software of Joyce -
Loebl (Gateshead, U.K.). A Nikon Diaphot epifluorescence microscope was 
used to focus the cells onto a charge-coupled device camera (Photonics Science, 
Robertsbridge, U.K.). The excitation light was passed alternately through filters 
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of 340 and 380 nm (10 and 13 nm bandwidths, respectively) and the emission 
light was collected through a 400 nm dichroic mirror and a 492 nm bandpass 
filter. Video images were hardware averaged 8 times, to reduce noise of the 
camera. The 340-Ю-380 ratio was calculated on a pixel-by-pixel basis. All 
fluorescence signals were corrected for background and autofluorescence. Cu2+ 
(added as sulfate), ouabain, DTT as well as TPEN at concentrations as 
mentioned in the results, do not introduce autofluorescence nor modify the 
fluorescence characteristics of SBFI or Fura-2. During the measurements the 
cells were superfused with PSS (2.5 ml/min; 37°C) with additions as indicated in 
the results. 
[Na+], was calibrated by using PSS with varying Na+ concentrations. Cells 
were clamped with gramicidin D, monensin and nigericin (5 μΜ each) at 5, 10, 
15, 20, 30, 40 and 50 mM Na+. [Ca2+], was calibrated with 4 μΜ ionomycin in 
the presence of 10 mM Ca2+ (pH 7.7) or 20 mM EGTA (pH 8.5). 
Να/Κ*-ATPase activity 
The effect of copper on the Na+/K+-ATPase activity in muscle cell 
homogenates was determined as described by Benders et al. [6J. Homogenates 
were incubated with 0.4 mg saponin per mg protein and the Na+/K+-ATPase 
activity was assayed in the presence of different Cu2+ concentrations in the range 
of 0-100 μΜ. 
Statistics 
Data represent means ± SD. Statistical analysis was performed by means of 
the unpaired Student's t-test and significance was set at Ρ < 0.01. Curve fittings 
were performed by (non-)linear regression analysis using SlideWrite Plus 5.00 
(Advanced Graphics Software, Carlsbad, CA, U.S.A.). 
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Results 
Effects of Cu* and ouabain on [Na+]¡ and [Ca2+]¡ 
The relation between the ratio of the SBFI fluorescence and [Na+], in 
cultured human skeletal muscle cells is shown in Fig. 1. The mean basal [Na+], 
in the muscle cells is 12.4 ± 3.2 mM (n=7). Exposure of the cells to 50 μΜ Cu2+ 
increases [Na+]¡ at a rate of about 2 mM/min (Fig. 2A). Inhibition of the Na+/K+-
ATPaes with 500 nM ouabain affects [Na+], in a similar way (Fig. 2B), while 
subsequent addition of 50 μΜ Cu2+ after 500 nM ouabain does not alter the rate 
of change of [Na+], (Fig. 2C). The rate of increase of [Na+], is half maximal at a 
Cu2+ concentration (EC50) of approximately 25 μΜ (Fig. 2D). 
(<) 
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Fig. 1 In vitro calibration of the SBFI ratio in cultured human skeletal muscle 
cells. [Na+], was clamped to the extracellular Na+ concentration (5-50 mM) by 
gramicidin D, monensin and nigericin, 5 μΜ each, at the indicated number of individual 
cultures. Emission is measured at 492 nm at alternating excitation wavelengths of 340 
and 380 nm. The dotted line represents the exponential regression curve. The correlation 
is 0.997 ( P < 0.01). 
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Fig. 2 Effects of Cu2+ and ouabain on [Na+]¡ and the dose-response curve of Cui+. 
[Na+], is given as a function of time upon addition of 50 μΜ Cu2+ (A), 500 nM ouabain 
(B) or both successively (C). The dose-response curve of Cu2+ and the rate of increase of 
[Na+], relative to the increase rate at 50 μΜ Cu2+ (D). The correlation of the regression 
curve is 0.994 (P < 0.01). For comparison the effect of 500 nM ouabain is given (bar). 
The number of experiments is given between parentheses. 
The average rates of [Na+], change are presented in Table 1. 
The resting [Ca2+], as measured with Fura-2 in cultured human skeletal 
muscle cells is 130 ± 27 nM (n=7) and is in line with published data [4, 31]. 
After addition of 50 μΜ Cu2+, [Ca2+], remains unchanged for more than 10 min. 
Thereafter, [Ca2+], increases about 50 nM/min and reaches a plateau near 
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Fig. 3 Effect of Cu2+ on [Ca2+], and the involvement of the Na+/Ca2+-exchanger. A. 
[Ca2+], is plotted as a function of time upon the addition of 50 μΜ Cu2+ when the 
Na+/Ca2+-exchanger is functional. В Time function of [Na+], if extracellular Na+ and K+ 
are replaced by 141 mM NMDG or reintroduced by perfusion with PSS. С The effect of 
141 mM NMDG on [Ca2+], as function of time, and the effect of Cu2+ after inhibition of 
the Na+/Ca"+-exchanger. The break (//) represents a 15 min period 
to 500 nM which is maintained for at least 40 min (Fig. ЗА). Ouabain, at a 
concentration of 500 nM, gives the same results (data not shown). We tested, if 
the Cu"+- or ouabain-induced increase of [Ca"+], can be explained by the 
operation of the Na+/Ca2+-exchanger in the reversed mode. When extracellular 
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Na+ as well as K+ are substituted iso-osmotically by N-methyl-D-glucamine 
(NMDG), [Na+], decreases at a rate of about 0.8 mM/min and reaches a steady-
state level near zero mM within 15 min (Fig. 3B, Table 1). The Na+/K+-ATPase 
is not involved in this Na+-efflux, since this pump is inhibited by the absence of 
extracellular K+ [27, 32]. Perfusion with PSS completely restores the basal 
[Na+], at a rate of 1.9 mM/min within 5 min (Fig. 3B, Table 1). In a sodium- and 
potassium-free extracellular solution (141 mM NMDG), [Ca2+], increases to 
about 1 mM after 2 min, in accordance with previous observations [31], and then 
decreases to the basal level due to the operation of the sarcoplasmic reticulum 
Ca2+-ATPase [6, 31] within 15 min (Fig. 3C). At this point the Na+/Ca2+-
exchanger is not functional any more and subsequent addition of 50 μΜ Cu2+ 
does not affect [Ca2+],. Moreover, in the absence of extracellular Ca2+ and the 
presence of extracellular K+, substitution of extracellular Na+ with NMDG does 
not evoke a change of either [Na+], or [Ca2+], (results not shown). Table 2 shows 
the average rates of change of [Ca2+],. 
Na /iC'-ATPase activity 
In the cultured muscle cells the activity of Na+/K+-ATPase is 22.1 ± 3.2 
mU/mg protein (n=5), which is in line with previous observations [6]. Cu2+ 
reduces the Na+/K+-ATPase activity in a dose-dependent manner (Fig. 4). The 
half-maximal inhibiting concentration (IC50) is 51 μΜ. 
Effects of OTT and TPEN on the Cu~+- and ouabain-induced increase of [Na+], 
Addition of the reducing agent DTT (100 μΜ) reverses the Cu2+-induced 
[Na+], increase in cultured human skeletal muscle cells to their resting level 
81 
Cu effects on [Na+], and [Ca2+], 
Table 1 Rates of change of [Na+], induced by various additions to cultured human 
skeletal muscle cells 
Experiments 
7 
7 
5 
4 
5 
4 
Addition 
50 μΜ Cu 
500 пМ ouabain 
500 nM ouabain 
141 rnMNMDG 
50 μΜ Cu 
50 μΜ Cu 
Subsequent addition 
50 μΜ Cu 
PSS 
ΙΟΟμΜϋΤΤ 
ΙΟΟμΜΤΡΕΝ 
Rate of change of 
[Na + ], (mM/min) 
2.18 + 0.41 
1.94 + 0 33 
1.87±0.37 
1.99 ±0.44 
-0.78 ±0.19" 
1 91 ±0.25* 
2.22 ± 0 45 
-1.38 ±0.22 
2.24 ± 0.56 
-1.27 ±0.19 
Values represent means ± S.D. of the number of individual cultures between parentheses. 
Extracellular Na+ and K+ are replaced by NMDG and the Na+/Ca2+-exchanger lowers [Na+],. 
The Na+/Ca2+-exchanger becomes inhibited when [Na+], reaches values near 0 mM. Basal 
[Na+], is restored upon the reintroduction of extracellular Na+ and K+ by perfusion with PSS. 
Table 2 Rates of change of [Ca2+], induced by various additions to cultured human 
skeletal muscle cells 
Experiments 
3 
3 
4 
Addition 
50 μΜ Cu 
500 nM ouabain 
141 rnMNMDG 
Subsequent addition 
50 μΜ Cu 
Rate of change of 
[Ca2+], (nM/min) 
50 ± 1 0 
45 ± 1 2 
590 ± 118 
-435 ± 129a 
0 
Values represent means ± S.D. of the number of individual cultures between parentheses. If the 
additions do not instantaneously affect [Ca2+]„ the data presented are initial rate changes of 
[Ca"+], at onset of the response. The NMDG-induced increase of [Ca'+], activates the SR 
Ca2+-ATPase, which restores [Ca"*], to the basal level and functioning of the Na+/Ca-+-
exchanger becomes concomitantly inhibited. 
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Fig. 4 Dose-response curve of Cu2* and the Na+/K+-ATPase activity. Values are 
means ± S.D. of 5 experiments. The correlation of the regression line is 0.994 (P < 
0.01). The Na+/K+-ATPase activity without Cu2+ was 22.1 ± 3.2 mU/mg protein. 
(Fig. 5A). An identical effect is established by the heavy metal chelator TPEN, 
at a concentration of 100 μΜ (Fig. 5B). The rate of decrease of [Na+], as 
achieved by DTT or TPEN is about 1.3 mM/min (Table 1). After inhibition of 
Na7K+-ATPase by ouabain, neither DTT nor TPEN are able to reverse the 
enhanced [Na+], (Fig. 5C). 
The described effects of Cu2+ and TPEN could also be visualized at the 
single cell level (Fig. 5D). The spatial distribution of [Na+], in response to Cu2 + 
or TPEN, shown in pseudocolor representation, is homogeneous. All cultured 
skeletal muscle cells have a comparable sensitivity for Cu2+ as well as TPEN. 
The cell-to-cell variance is less than 10%. 
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Fig. 5 Effects of DTT and ΤΡΕΝ on the Cu2+- or ouabain-induced increase of 
[Na+]¡. Time function of [Na+]¡ upon subsequent addition of 100 μΜ DTT or TPEN 
after 50μΜ Cu2+ (A, B) or 500 nM ouabain (C) Effects of Cu2+and TPEN on the 
temporal and spatial distribution of [Na+]¡ at single cell level (D). [Na+]¡ is shown in 
false colours as indicated by the calibration bar at the top of the figure. 50 μΜ Cu2+ or 
100 μΜ TPEN were added after 600 and 1200 s, respectively. 
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Discussion 
We could well demonstrate the disturbing effect of Cu2+ on Na+ and Ca2+ 
homeostasis in cultured human skeletal muscle cells using the fluorescent probes 
SBFI and Fura-2, respectively. Cu2+-exposure to these cells resulted in a rapid 
increase of [Na+], by inhibition of the Na7K+-ATPase activity rather than by a 
general increase of the membrane permeability. We conclude this from 5 obser-
vations. First, the rates of change of [Na+], as induced by Cu2+ or ouabain are 
similar. Second, addition of Cu2+ after inhibition of the Na+/K+-pump by ouabain 
does not affect the rate of increase of [Na+],. Third, the activity of Na+/K+-ATP-
ase is inhibited by Cu2+. These observations agree with the Cu2+-induced 
increase of Na+ and decrease of K+ concentration in erythrocytes [3, 14]. 
Furthermore, the IC50 of the Cu2+-inhibited Na7K+-ATPase activity is 
comparable to the EC50 of the Cu2+-induced increase of [Na+],. These values are 
of the same order of magnitude as described for preparations of brain [37], gills 
[35], kidney and blood vessels [20]. Fourth, a general increase of the membrane 
permeability is not probable since the time courses for the rises of [Na+], and 
[Ca2+], are quite different. [Na+], increases instantaneously, whereas [Ca2+], 
remains unaffected for more than 10 min upon the addition of Cu2+. If an in-
crease of the membrane permeability was involved, an abrupt increase of [Ca2+], 
would be expected, because of the enormous Ca2+ gradient over the plasma 
membrane. Moreover, a general change of membrane permeability caused by 
Cu2+ would be monitored as an increased loss of SBFI or Fura-2 fluorescence 
[30], which was never observed. The delayed [Ca2+], increase can be explained 
by the action of the Na+/Ca2+-exchanger in the reversed mode resulting from the 
Cu2+-induced rise of [Na+],. Fifth, after inhibition of the Na+-Ca2+-exchanger, i.e. 
when [Na+], has become nearly 0 mM as provoked by NMDG, [Ca2+], remains 
unchanged upon Cu2+ addition. Besides, this implies 
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Fig. 6 Effect of [Na+], on the driving force for Ca2+ influx on the Na+/Ca2+-
exchanger and [Ca2+],. (A) Relation between [Na+], and the driving force for the Ca2+ 
influx on the Na+/Ca2+-exchanger ддСа2+ - ЗддИа* Зд/иСа2+ 3&μΝα* was calculated 
using the basal [Na+], 12 4 mM (x intercept) or [Na+], varying between 20 and 50 mM as 
can be provoked by Cu2+, [Ca2+], is 130 nM, extracellular Na+ and Ca2+ concentrations 
are 136 and 1 8 mM, respectively and A ^ I S -60 mV A^Na+ = zF(E
m
 - Е^а
+) a r | d 
д/^Са2+ = -zF(Em - Ec
a
2 +) where E]\j
a
+
 and Eç;a2+ are the Nernst equilibrium potentials 
of Na+ and Ca2+ (B) Relation between the driving force for Ca2+ influx on the Na7Ca2+-
antiporter and [Ca2+], obtained at particular [Na+], [Ca2+], differs significantly from the 
resting value with P < 0 01 
2+ 
that neither the membrane permeability of intracellular Ca -stores, ι e 
sarcoplasmic reticulum, has been affected by Cu2+ 
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Unlike other tissues, relatively little is known about the Na7Ca2+-exchanger 
in skeletal muscle. Minor activities of this exchanger have been detected in 
skeletal muscle sarcolemma [11, 40]. Our data demonstrate the presence of a 
Na+/Ca2+-exchanger in human skeletal muscle cells. The Na7Ca2+-exchanger is 
electrogenic and sensitive to the membrane potential and uses the energy from 
the Na+ electrochemical potential gradient (д/Жа+) to extrude Ca2+ from the cell 
against a large Ca2+ electrochemical potential gradient (д^Са2+) [36]. However, 
the antiporter can also operate in the reversed mode, i.e. Na+ efflux and Ca2+ 
influx energized by ддСа2+ [32]. Whether the Na7Ca2+-exchanger operates in 
the forward or the reversed mode depends on the intra- and extracellular 
concentrations of Na+ and Ca2+ as well as on the membrane potential difference 
Δ Ψ. In cultured muscle cells the membrane potential ranges between -45 and -75 
mV [9, 16, 18]. Accepting a [Na+], of 12.4 mM, a [Ca2+], of 130 nM, 
extracellular concentrations of Na+ and Ca2+ of 136 and 1.8 mM, respectively, 
and a membrane potential of -60 mV the Nemst equilibrium potential and elec­
trochemical potential gradient of Na+ and Ca2+ can be calculated. Δμ№+ is 
found to be 12.0 kJ/mol and л//Са2+ 36.1 kJ/mol. Assuming a stoichiometry of 3 
Na+ versus 1 Ca2+ [36], the two electrochemical potential gradients are balanced, 
i.e. 3Δμ№+ = лдСа2+, which implies that the Na+/Ca2+-exchanger will not be 
functioning when the muscle cells are at rest. However, if [Na+], increases as 
induced by Cu2+ then the Nernst equilibrium potential and the electrochemical 
potential gradient for Na+ decrease and л^Са2 + exceeds 3 Δμ№+ (Fig. 6A). 
Consequently, the Na7Ca2+-antiporter will operate as a Ca2+ influx pathway, i.e. 
the reversed mode. The rise of [Ca2+], is directly related to the driving force for 
Ca2+ influx: ддСа2+ - Злд№ + [32] and becomes significant if the driving force 
exceeds 9 kJ/mol (Fig. 6B). On the other hand, it can be derived that the 
Na7Ca2+-exchanger operates in the reversed mode too, if extracellular Na+ is 
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replaced by NMDG. Moreover, the antiporter is not functioning when [Na+], 
reaches values near to 0 mM or extracellular Ca2+ is omitted. 
Thus, the Cu2+-induced [Na+], rise reverses the operation mode of the 
Na+/Ca2+-exchanger and causes an elevation of [Ca2+],. During the plateau phase 
an equilibrium is installed between the Ca2+-influx and -uptake as mediated by 
the Na7Ca2+-exchanger and sarcoplasmic reticulum Ca2+-ATPase, respectively. 
The resulting Ca2+ overload probably contributes to the Cu2+ toxicity. Sustained 
increases of [Ca2+], can activate cytotoxic mechanisms as Ca2+-dependent 
proteases and Ca2+-mediated phospholipases, which result in disruption of 
cytoskeletal organisation, impairment of mitochondrial function and cessation of 
ATP synthesis in muscle [24]. 
The biochemical mechanism underlying Cu2+ toxicity has mainly been 
related to the oxidation of sulfhydryl groups in membrane proteins [14, 23]. 
Na+/K+-ATPase contains many functional sulfhydryl groups and is vulnerable to 
Cu2+ and other heavy metal ions [20, 22, 29, 37]. DTT has widely been used to 
protect against damage of biological functions caused by Cu2+, e.g. Cu2+-induced 
hemolysis of erythrocytes [33]. In the present study we show that the increase of 
[Na+], following inhibition of Na+/K+-ATPase by Cu2+ is reversible by DTT. The 
reducing capacity of DTT has been thought as the main mechanism to protect 
cells against heavy metal injury [33]. However, DTT is also able to chelate 
heavy metal ions, including Cu2+ [33]. To distinguish whether protection against 
Cu2+ intoxication is prevented by either reduction of thiol groups or chelation of 
Cu2+ we have also studied the effect of TPEN, which lacks reducing properties 
[2]. Our results conclusively illustrate that TPEN restores the by Cu2+ elevated 
[Na+], to the basal level at the same rate as DTT. This indicates that in the intact 
cells Na+/K+-ATPase is reactivated by internal reducing agents, e.g. glutathione, 
after chelation of Cu2+. In vivo Cu2+-chelating drugs as D-penicillamine or 
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tetrathiomolybdate suppress abnormal histological changes in liver due to Cu2+ 
accumulation [8, 38]. 
In conclusion, SBFI is a useful probe to investigate Na+ homeostasis and to 
assess net and unidirectional Na+ fluxes in cultured muscle cells. Cu2+ initially 
induces a [Na+], rise by inhibition of the Na+/K+-pump without a concomitant 
general change of the membrane permeability. Following the increase of [Na+],, 
the Na+/Ca2+-exchanger operates in the reversed mode evoking a [Ca2+], 
increase, which could contribute to the toxic action of Cu2+. 
FOOTNOTE 
The electrochemical potential gradient for Na+ is A,uNa+ = -zF(Em - EN¿+) where ζ is the 
ionic valence, F the Faraday constant 96500 C/mol, and E
m
 the membrane potential difference 
Δ Ψ ENa+, the Nemst equilibrium potential, is -(RT/zF)ln([Na+],/[Na+]0) where R is the gas 
constant 8.3 J/mol, Τ the absolute temperature 310 K, and [Na+]0 the extracellular Na+ 
concentration The electrochemical potential gradient for Ca2+ is &μϋ& + - -zF(E
m
 - Eça2+), 
whereas the Nemst equilibrium potential for Ca2+ is Eca2+ = -(RT7zF)ln([Ca2+],/[Cd2+]o) 
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KINETICS OF CU2+ INHIBITION OF NA+/K+-ATPASE 
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Kinetics of Cu* with Να/К*-ATPase 
Abstract 
The interaction of Cu2+ with enzymatic activity of rabbit kidney Na7K+-
ATPase was studied in media with buffered, defined free Cu2+ levels. The IC50-
values are 0.1 μπιοΐ.1"1 for Na+/K+-ATPase and 1 μπιοΐ.ΐ"1 for K+-pNPPase. 
Dithiothreitol (DTT) reverses the inhibitory effect of Cu2+ in vitro. Cu2+ exerts 
non-competitive effects on the enzyme with respect to Na+, K+, ATP or pNPP, 
but has a mixed-type inhibitory effect with respect to Mg2+. It is concluded that 
the appreciation of the inhibitory effect of Cu2+ on this enzyme requires carefully 
composed assay media that include a buffer for Cu +, and that the ICso-values 
calculated according to this model indicate that Cu2+ may be more toxic than 
previously anticipated. 
Keywords: Copper; Na7K+-ATPase (EC 3.6.1.3) ; K+-pNPPase; kinetics. 
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Introduction 
In animal cells, the main sodium pump is the ouabain-sensitive Na+/K+-
ATPase, a membrane-bound enzyme which frees energy from ATP to extrude 
Na+ in exchange for K+ [1-3]. This pump is the pivotal mechanism in the 
physiology of the cell, as it is involved, directly or indirectly, in cell volume 
regulation, the control of intracellular pH, the maintenance of free Ca2+ 
concentration and membrane potential. It is regarded the major "house keeping" 
enzyme, but it also plays an important role in epithelial ion transport [4, 5]. As a 
consequence, inhibition of this pump seriously affects cell physiological 
functions [6]. 
According to the extended Albers-Post reaction scheme [6], the 
Na+/K+-ATPase undergoes a sequence of transitions between the Ei 
conformation with inward-facing cation binding sides and high affinity for Na+ 
and an E2 conformation with outward-facing cation binding sites and high 
affinity for K+. Transitions between these two conformations are induced by 
phosphorylation-dephosphorylation reactions characteristic for P-type ATPases. 
Under physiological conditions, three intracellular Na+ ions bind to the EiATP 
form. Hydrolysis of ATP and phosphorylation of the protein lead to the occlusion 
of three Na+ ions followed by a transition to the E2P form. Na+ can now be 
released externally and two K+ ions are bound; this leads to dephosphorylation 
and occlusion of the K+ ions. Stimulated by ATP, a conformational change back 
to the E) form is induced, the K+ ions are liberated to the cytoplasm, and the 
transport cycle is completed. Na+/K+-ATPase contains 34 functional SH-groups 
in its a - subunits, which play an important role in activation of the enzyme [7]. 
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The oligoelement copper serves a pivotal role in the cell physiology of 
vertebrates and is required for bone formation, development of connective tissue, 
tissue pigmentation and cardiac function [8]. In the extracellular fluid, copper is 
bound to amino acids or albumins. About the actual transport across the plasma 
membrane very little is known. Copper is taken up by cells and incorporated into 
(metallo-)proteins (e.g. ceruloplasmin, metallothionein, glutathion) and 
metalloenzymes (e.g. superoxide dismutase, cytochrome с oxidase, tyrosinase, 
monoamine oxidase). The function of copper in enzymes often concerns the 
transfer of electrons and the binding of oxygen molecules. Cu2+ generally appears 
to be strongly chelated as a protective mechanism to circumvent its toxic actions. 
Free Cu2+ inhibits Na+/K+-ATPase activity in a variety of cell types and in 
a variety of species [9-13]. Although the toxic action of Cu2+ is mainly attributed 
to covalent binding of Cu2+ to functional sulfhydryl (-SH) groups of membrane 
proteins and enzymes [14-17], including Na7K+-ATPase [18-20], the kinetics of 
Cu2+ interaction with Na+/K+-ATPase are flawed by the fact that, in these studies 
the total concentration of copper rather than the free Cu2+ concentrations were 
considered. It is generally believed that the ionic form of copper, Cu2+, represents 
the toxic form of this metal [16]. The higher affinity of ATP for Cu2+ over Mg2+ 
[21], makes that little Mg-ATP remains in an assay medium when Cu2+ is added 
(see Discussion). For a proper in-vitro evaluation of the enzymatic activity, Mg-
ATP is required as substrate and can not be replaced by Cu-ATP [22]. Therefore, 
an accurate control of the levels of Mg-ATP, Cu-ATP, Mg2+ and Cu2+ is essential 
for a kinetic analysis of Cu2+ inhibition of Na7K+-ATPase. 
In this study we have evaluated the effect of buffered free Cu2+ levels on 
the kinetics of Na+/K+-ATPase isolated from rabbit kidney. The concentrations of 
ATP, Na+, Mg2+, Ca2+ and K+ were varied under strictly buffered conditions and 
free ion levels were calculated using the CHELATOR program [23]. To study the 
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specific interaction of Cu2+ with the K+-dependent dephosphorylation, we 
assayed the K+-dependent p-nitrophenylphosphatase (pNPPase) activity, which 
forms an integral part of the overall Na+/K+-ATPase reaction. 
Materials and Methods 
Enzyme preparation 
Na7K+-ATPase from rabbit kidney outer medulla was purified according 
to J0rgensen [24] by zonal centrifugation of a microsomal fraction treated with 
sodium dodecylsulfate. Removal of contaminating ATP and washing of the 
preparation followed the method of Schoot et al. [25]. The Na+/K+-ATPase 
activity was predominantly ouabain-sensitive (>98%) and averaged around 850 
μπιοί Pi. h"1 per mg protein at 37 °C, in our assay (see below). The enzyme was 
kept in 250 mmol.l·1 sucrose, buffered at pH 7.4 with 50 mmol.Γ' 
imidazole/HCl and stored at -20 °C up to 1 month without significant loss of 
activity. Protein was determined using a Coomassie Brilliant Blue assay (Biorad) 
with bovine serum albumin (BSA) used as reference. 
Enzyme assays 
Na7K+-ATPase activity was determined as described by Bonting et al. 
[26]. In short, the specific activity was measured as the difference in ATP 
hydrolysis in two media, A and E. Medium A contained (mmol.l1): NaCl (100), 
KCl (10), MgCl2 (5), Na2ATP (5), oxalic acid (1) and imidazole/Hepes (30; pH 
7.4). In medium E, KCl was omitted and ouabain (G-strophanthin, Boehringer; 
0.1 mmol.r') was added. Oxalic acid was added to serve as buffer for Cu2+ (see 
below) and its addition per se did not affect the enzymatic activity. Five μΐ of an 
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enzyme suspension, equivalent to 250-400 ng protein, was mixed with 400 μΐ 
assay medium on ice and incubated at 37°C for 10 min. All incubations were 
carried out in triplicate. The reaction was stopped by the addition of 1 ml ice-cold 
trichloro-acetic acid (TCA, 8.6 % w/v). The phosphate released was quantified 
after addition of 1 ml freshly prepared color reagent, containing 9.6 % (w/v) 
FeS04.6H20, 1.15 % (w/v) ammonium heptamolybdate in 0.66 M H 2 S0 4 by 
assessing the ΔΑ700 with a PU 8620 spectrophotometer (Philips). Combined 
calcium/phosphorus standards (Sigma, 360-11) were used as reference. The 
specific activity was expressed in μπιοί P¡.h~' per mg protein. 
The K+-pNPPase activity was determined as the difference in p-
nitrophenol (pNP) released in medium A and medium E [25]. Medium A 
contained (mmol.l1): KCl (10), MgCl2 (3), pNPP (10), oxalic acid (1) and 
imidazole/Hepes (30; pH 7.4). In medium E, potassium was omitted and ouabain 
(0.1 mmol.!"1) added. Incubation was carried out as described for the Na+/K+-
ATPase assay above. The reaction was stopped by addition of 1 ml ice-cold 
NaOH (1 mol.l"1). The release of pNP was quantified colorimetrically at 420 nm. 
A commercially available pNP-standard (Sigma, 104-8) was used as reference. 
The enzymatic specific activity was expressed as μπιοί pNP.h"1 per mg protein. 
Buffering of Cu* 
In all assays, free Cu2+ concentrations were calculated using the computer 
algorithm Chelator [23]. This algorithm recomputes stability constants obtained 
from the literature [21] to reflect the effects of ionic strength, pH, and 
temperature of the medium used and it calculates the contribution of ionized 
species of metals, chelator, complexes and pH buffers to net ionic strength. A 1 
mmol.r1 capacity of oxalic acid buffer was used to define the free Cu2+levels and 
control the levels of Mg-ATP and Cu-ATP. The stability constants (Kd) of the 
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Figure 1. The occurrence of Cu-ATP and Mg-ATP salts in an assay medium containing 1 
mmoU"1 oxalic acid, 5 ттоІ.Г1 ATP and 5 mmol.l"1 free Mg2+. Calculated free Cu2+ (X-
axis) was varied and the occurrence of Mg-ATP (left Y-axis) and Cu-ATP (right Y-
axis) chelates were calculated according to [23]. At 10"5 and IO4 moll"1 free 
Cu2+, the Mg-ATP level drops and the Cu-ATP level increases significantly. At 10"5 
mol.r1 Cu2+ the concentration Mg-ATP drops to 1.8 mmoU'1, which still allows 
determination of enzyme activity under apparent „ш conditions. At 10^ mmol.Γ free 
Cu2+, 0.6 mmol.r' Mg-ATP is formed and this concentration is suboptimal for Na+/K+-
ATPase activity (Ко5 for ATP: 0.44 mmol.l"1). Increasing the oxalic acid concentration 
does not improve the composition of the assay medium with respect to Mg-ATP at high 
Cu2+ levels. 
ligands (HEPES, ATP and oxalic acid) for the metal ions (Mg2+, Cu2+) were 
taken from Sillén and Martell [21]. 
.2+ The half-maximum inhibitory concentration of Cu , the IC50 value, was 
;ed by varying the Cu + 
calculated amounts of Си(Ж)з)2. 
assess   i  t  u2+ levels from 10"9 to 10"4 mol.l·' by addition of 
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In a control experiment it was shown that the addition of 1 mmol.l"1 N03" 
(as NaN0 3; the highest concentration that could result from the addition of 
Cu(N03)2 ) did not affect Na7K+-ATPase activity ( data not shown). 
The use of oxalic acid as Cu2+ buffer guaranteed that the addition of 
copper to the assay media had negligible effects on the concentration of Mg-
ATP. For instance, at the IC5 0 of Cu
2+
 for overall Na+/K+-ATPase activity (0.1 
цтоІ.Г
1; Fig. 2), 4.8 mmol.l·1 Mg-ATP was present, exceeding the calculated 
level of Cu-ATP more than fifty times. Under our experimental conditions, 
therefore, always saturating levels of Mg-ATPwere present in the assay media. 
Calculations 
Kinetic parameters (Ko 5 and V
max
) were derived after fitting the data to the 
Michaelis-Menten equation, using non-linear regression data analysis. Substrate 
concentrations were varied around the apparent K05-concentration. Experiments 
were repeated at least 6 times with different enzyme preparations, unless 
otherwise stated. 
Results 
Inhibition of Na+/iC-ATPase and FC-pNPPase 
As shown in Fig. 2, increasing concentrations of Cu2+ result in a sigmoidal 
inhibition curve for the Na7K+-ATPase as well as the K+-pNPPase activity. At 
10"7 mol.l·1 Cu2+, significant inhibition of Na+/K+-ATPase (50%) and K+-
pNPPase activity (15%) was observed. The IC50-value for Na+/K+-ATPase (0.1 ± 
0.01 цтоі.і"' ) is 10 times lower than that for the pNPPase (1.0 + 0.1 μιηοΐ.1"1). In 
all subsequent kinetic studies we applied 0.1 μιτιοΐ.ΐ"1 Cu2+ in Na+/K+-ATPase and 
102 
Chapter 5 
1.0 μΜ Cu2+ in pNPPase determinations. Dithiothreitol (0.1 mmol.l"1) almost 
fully reversed the inhibition of Na+/K+-ATPase activity by Cu2+. 
Interaction with substrates 
Table 1 summarizes the effects of Cu on the kinetics of Na7K+-ATPase 
activities. Cu2+ (at the IC50-value of 0.1 μπιοΐ.1 ') non-competitively inhibited the 
enzyme when tested for its ATP-dependence, its Na+-dependence, its pNPP-
dependence or its K+-dependence: the calculated V^-values were reduced to the 
Free [Cu2+] (moll'1) 
Figure 2 Inhibition of rabbit kidney Na+/K+-ATPase activity and K+-pNPPase activity by free 
Cu2+. The experimental conditions are described in "Materials and Methods" Na7K+-
ATPase (·) is half-maximally inhibited at 0 1 ±001 μιτιοί 1 ' Cu2+, K+-pNPPase (D) at 
1 0 ± 0.1 umol.l"1 Cu2+. DTT (0.1 mmol 1 ') has no effect on the enzyme at "no-effect" 
levels of Cu and reverses the inhibitory effect of free Cu2+ on Na+/K+-ATPase over the 
total range of Cu2+ concentrations tested (O). The IC^o-values of Na+/K+-ATPase and 
pNPPase are significantly different (N = 6 - 10, Ρ < 001) Mean values are given, bars 
indicate standard deviation 
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Table 1 Kinetic analyses of Na+/K+-ATPase and K+-pNPPase activities in the absence (control) 
and presence of Cu (0 1 and 1 цгтюі 1 ' for Na7K+-ATPase and K+-pNPPase, respectively) 
Substrate 
ATP 
Na+ 
pNPP 
K+ 
Mg2+ 
ν 
v
 max 
Control 
(pmol.h ' per mg) 
857 
780 
408 
375 
832 
Kos 
(mmol 1 ') 
044 
21.8 
0.70 
1 85 
0.005 
Cu 
ν 
v
 max (pmol.h"' 
429* 
340" 
229* 
224* 
385* 
' per mg) 
(50) 
(44) 
(56) 
(60) 
(46) 
Κθ5 
(mmol.l ') 
0 48 
23.5 
0.55 
1.86 
0 064* 
Values in parentheses indicate the % inhibition ATP-, Na- and Mg-dependence were assayed as 
the Na- and K-dependent, ouabain-sensitive ATPase activity; the pNPP- and K-dependence 
were assayed as the K-dependent, ouabain-sensitive pNPPase activity Mean values for 6 - 10 
experiments are given, in all cases the standard deviation was less than 10% of the mean value 
*P<0 05 
predicted 50% based on the application of IC5 0 concentrations of Cu
2+
. The Ko 5 
values for the respective substrates were not influenced by Cu2+. However, 0.1 
μπιοΐ.1 ' Cu2+ induced a mixed-type inhibition of Na+/K+-ATPase with regard to 
Mg2+-activation: a significant decrease in the V
max
 (from 832 to 385 μπιοί Pi. h" 
per mg protein) is accompanied by a more than 12-fold increase in the Ko 5 (Table 
1); this phenomenon is illustrated in figure 3. 
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1.2 1.6 2.0 
[Mg2+](mmol.l'1) 
Figure 3. Kinetics of Mg + dependence of Na+/K+-ATPase activity in the presence or absence of 
Cu2+. Cu2+ significantly decreases the V
max
 and increases the Kos for Mg2+ (dashed line: 
controls, solid line for the presence of Cu2+ ). The Eadie-Hofstee transformation of the 
data (inset) indicates mixed-type inhibition. For apparent Kos and щщ values see table 
1 N = 6 - 10; mean values are given, bars indicate standard deviation 
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Discussion 
Our data show that the IC5o-value of Cu
2+
 for rabbit kidney Na7K+-
ATPase was up to 3 orders of magnitude lower than IC5 0 values reported for 
instance Na+/K+-ATPase from rat brain [9], rat renal cortex [11], pigeon brain 
[27] and erythrocyte ghosts [28]. This discrepancy is obviously based on the 
differences in experimental design and approach. In our study we have calculated 
free copper (Cu2+) concentrations, whereas the total, nominal Cu concentration 
was considered in the studies cited. 
When studying the mechanisms and kinetics of enzymes and the effects of 
heavy metal on these processes, accurately controlled concentrations of 
physiological ions, such as Mg2+ and Ca2+ are required [23, 28, 29]. Proceeding 
from stability constants K
a
 = 4.18 l.mol"1 for Mg-ATP and K
a
 = 5.92 l.mol"' for 
Cu-ATP, we calculate that in a medium containing 3 mmol.l"1 ATP and 10 
μηιοΙ.Γ1 Cu2+, 99.9% of the Cu would be chelated by ATP to become Cu-ATP 
and the concentration of Cu-ATP would exceed three times that of Mg-ATP. A 
proper functioning of Na+/K+-ATPase requires Mg-ATP and Cu-ATP can not 
replace for Mg-ATP [22]. Therefore, it is necessary to strictly control the 
concentrations of Cu2+, Cu-ATP and Mg-ATP in the experimental system for a 
kinetic analysis of Cu2+ inhibition of this enzyme. The introduction of oxalic acid 
(К., = 2.3 l.mol"1 for Mg-oxalate and K
a
 = 4.8 l.mol"1 for Cu-oxalate) in the assay 
medium provides an appropriate buffer, which allowed us to compose media with 
up to 10"5 mol.l"1 Cu2+, keeping the concentration of Mg-ATP far above its K05-
value (see Fig. 1): at a calculated 1 μηιοΙ.Γ1 free Cu2+ about 6 times more Mg-
ATP relative to Cu-ATP was present; at 10 цтоІ.Г1 Cu2+, 1.8 mmol.l"1 Mg-ATP 
was still present, which is over 4 times the K05 (0.44 mmol.l"1) for the substrate. 
At 10"4 mmol.l1 Cu2+, however, only approximately 10% Mg-ATP and 90% Cu-
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ATP are present. We conclude that the free Cu2+ exerted the inhibitory effect, as 
Cu-ATP appears to give an inert complex. 
Since Na+/K+-ATPase (and K+-pNPPase) activity depends on interaction 
with the ligands ATP, Mg2+, Na+, pNPP, and K+, we kinetically analysed the 
inhibition by Cu2+ to establish a key event in the inhibitory action. The result -
non-competitive inhibition of the overall Na+/K+-ATPase activity by Cu2+ (IC50» 
0.1 μπιοΙ.Γ ) with respect to ATP and Na+, and non-competitive inhibition of the 
pNPPase activity by 1 μπιοΙ.Γ1 Cu2+ (IC50 for pNPPase) with respect to pNPP and 
K+ - suggest that Cu2+ does not interfere with the specific binding of these 
ligands. The mixed inhibition by Cu + with respect to Mg + could be explained at 
least in two ways. First, Cu2+ may compete with free Mg2+ at a Mg2+ binding site 
and directly affect the Mg2+-dependent steps, like the phosphorylation of the 
enzyme to the E]P conformation, which is dependent on tightly bound Mg + [3]. 
Second, "non-specific" binding of Cu2+ to functional catalytic groups, such as 
SH-groups [10] may underlie inhibition. The integral Na7K+-ATPase has two a-
subunits [6], each containing at least 34 essential sulfhydryl groups in their 
catalytic centres [7]. Cu + is a well-known potent reagent for thiol groups; its 
interaction with membrane and enzymatic SH-groups may therefore result in 
toxic effects [15, 16]. The ability of the SH-group reducing agent, dithiothreitol 
(DTT), to protect against Cu2+ toxicity, would confirm that such groups in the 
enzyme are a target for Cu2+, in line with other studies [19, 20, 30]. However, 
DTT also strongly chelates Cu +, and evidence was given comparing DTT with 
the chelator TPEN which lacks reducing properties that such an effect could also 
explain the protective action of DTT on Na7K+-ATPase [13]. Clearly, both 
effects of DTT will simultaneously occur in experiments as presented here and 
we cannot discriminate one effect from the other. 
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Our results demonstrate that the toxic effect of copper may be attributed to 
the ionic species, Cu2+. The low IC5Ü value for Cu2+ reported here is in line with 
the notion that in vivo copper is always tightly bound (e.g. to albumin, 
metallothionein or transcuprein; [8]) and free Cu + levels are essentially zero, 
apparently to protect the organism from toxic effects of this element. Non-
competitive inhibition with respect to the ligands (Na+, K+, ATP and pNPP) and 
mixed inhibition with Mg + for the enzyme by Cu + indicate that Cu + interferes 
directly with Mg2+ binding to the enzyme and utilization of Mg-ATP. When 
studying enzymatic reactions in vitro and the effects of heavy metals for their 
interaction(s), it appears necessary to calculate and control the free Cu'+, and its 
interference with the other components of the assay medium. 
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EFFECTS OF WATERBORNE COPPER ON BRANCHIAL 
NA+-TRANSPORT IN MOZAMBIQUE TILAPIA 
(OREOCHROMIS MOSSAMBICUS) 
Li Jie, E.S. Quabius, S.E. Wendelaar Bonga, G. Flik and R.A.C. Lock, 
(submitted) 
Cu effects on tHap ia 
Abstract 
The effects of waterbome Cu on the branchial Na+-pump was examined in 
tilapia (Oreochromis mossambicus). The activity of the gill Na+/K+-ATPase and 
the plasma Na+ concentration decrease in time and in parallel. An inverse 
relationship between the Na+/K+-ATPase specific activity and the branchial Cu 
content provides further evidence that this enzyme is very sensitive to Cu2+ 
inhibition. 
The effects of Cu2+ on plasma Na level occurred after a lag period, indicating 
that this metal did not so much affect the entry of Na+ in the gill epithelial cells 
but rather the extrusion of Na+ after a critical concentration of Cu2+ in the cells 
that transport Na+ had been surpassed. In the Cu exposed fish, ultrastructural 
analysis of the chloride cells (CCs), which play a crucial role in transepithelial 
Na+ transport, revealed a high percentage of cells degenerating via necrosis and 
apoptosis. Cu appears to induce necrosis directly via toxic insult, but induces 
apoptosis indirectly through the stimulation of Cortisol production. Because of 
this, no recovery of the plasma Na+ levels are observed in the Cu exposed 
tilapia. It supplies further evidence that CCs play a crucial role for Na+ uptake 
by freshwater adapted fish. 
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Introduction 
Exposure of freshwater fish to copper (Cu) in the water frequently leads to 
concentration-related losses of plasma ions, in particular of sodium (Na) and 
chloride (CI; Lauren and McDonald, 1987; Pelgrom et al., 1995). This effect is 
generally ascribed to structural and functional damage to the gills as a result of 
accumulation of Cu in these organs (Mallatt, 1985; Pelgrom et al., 1995). In 
particular, Na+/K+-ATPase, a key-enzyme in branchial Na+ uptake, appears 
vulnerable to Cu (Lauren and McDonald, 1987; Pelgrom et al., 1995). Free Cu2+ 
was shown to bind covalently to SH-groups of Na7K+-ATPase, thus interfering 
with conformational changes of the protein (Kone et al., 1990), as well as to 
interact specifically with its Mg2+ binding site (Li et al., 1996), readily inhibiting 
the activity of this pump. 
In freshwater fish, the uptake of Ca2+, СГ, and Na+ from the water has largely 
been attributed to mitochondria-rich cells, the so-called chloride cells (CCs) or 
ionocytes (Foskett et al., 1983; McCormick, 1995; Lee et al., 1996). These cells 
contain the bulk of the branchial Na7K+-ATPase in their extensive tubular 
membrane system. The activity of this enzyme is furthermore the driving force 
for a secondary mechanism, the branchial Na7Ca2+ exchanger, which plays a 
crucial role in Ca2+ transport and homeostasis of these cells (Verbost et al., 1994; 
Benders et al., 1994; Flik et al., 1995). Moreover, studies with isolated gill cell 
suspensions (Perry and Walsh, 1989) and isolated opercular membranes 
(McCormick, 1990; Wendelaar Bonga et al., 1990) of freshwater fish suggest that 
the activity of Na7K+-ATPase is directly correlated with the CC density. 
To maintain ionic homeostasis during exposure to Cu, fish activate a number 
of biochemical and physiological processes (stress responses) aimed at 
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detoxifying (Roesijadi, 1996) and restoring the branchial ion uptake machinery 
(McDonald and Wood, 1993). For example, proliferation of CCs was observed in 
several species of freshwater fish, when exposed to Cu (Baker, 1969; Pelgrom et 
al., 1995). An increase in CC density is a commonly observed compensatory 
response of fish to agents known to challenge their Ca2+ and Na+ balance (Wood, 
1992; McDonald and Wood, 1993; Perry and Laurent, 1993). 
However, Pelgrom et al. (1995) demonstrated a significant decrease of the 
branchial Na7K+-ATPase specific and total activities in tilapia exposed for 6 
days to 3.2 μΜ Cu, despite a threefold increase in the number of CCs. 
Microscopic examination of the branchial epithelium of these fish revealed that a 
considerable number of the CCs had degenerated via necrosis and apoptosis and 
did apparently not participate in active ion transport (Pelgrom et al., 1995). 
The main objective of the present study was to investigate the time-
dependency of the Cu2+-induced depression of plasma Na+ levels in relation to 
branchial Na+/K+-ATPase activities, gill Cu concentration, and CC number. To 
this end we have exposed freshwater tilapia {Oreochromis mossambicus) to 3.2 
μΜ Cu in their water for periods up to 4 weeks, and analyzed at various time 
intervals the branchial Na7K+-ATPase specific and total activities, the plasma 
Na+ concentration, the gill Cu concentration, and branchial and opercular CC 
density. We quantified, by means of electron microscopy, the rate of CC 
degeneration via necrosis and apoptosis of the branchial CCs in these fish. 
Materials and methods 
Fish 
Mozambique tilapia, Oreochromis mossambicus, with a mean weight of 38.4 ± 
7.6 g (range = 28.8 - 44.1 ; η = 64), were obtained from laboratory stock. Three 
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weeks before the start of the experiment, fish were randomly divided into two 
groups that were housed in 200-1 aquaria with Nijmegen tap water of 26°C, 
which was continuously aerated, filtered, and recirculated by means of an Eheim 
pump at a rate of 600 1 per hour. The concentration of the main ions in this water 
(in mmol.r1) was: NaCl(4.6), CaCl2 (0.8), MgS04 (0.2), KCL (0.06); the water 
pH was 7.6. Fish were fed daily with Trouvit pellets (2% of total fish wet 
weight). Lights were on for 12 h per day. 
Exposure to copper 
The exposure period started by gradually increasing the Cu concentration 
(added as nitrate, Spectrosol, BDH, England, at a rate of 140 nmol. per hour) in 
one aquarium to 3.2 μπιοΙ.Γ1 (equivalent to approximately 200 ppb Cu) by 
infusion of a calibrated Cu stock solution using a peristaltic pump. This gradual 
increase of Cu is essential to prevent a sudden and severe stress response of the 
fish, which may include a suppression of appetite. 
Once the predicted Cu level had been reached (after about 24 h), it was 
maintained by a continuous flow of water containing 3.4 цтоі.і ' (flow: 0.4 1 per 
hour). Cu concentrations were monitored daily by Atomic Absorption 
Spectrometry (AAS, Philips PU 9200, connected to an electrothermal atomizer, 
Philips PU 9390X). The Cu concentration of the water in the experimental 
aquarium stabilised at values around 3.3 цтоІ.Г1 (3.3 ± 0.2; η = 28); the Cu 
concentration of the water in the control aquarium was remained around 90 
nmol.r' (90 ± 6; η = 28). During the experiments, no mortality was observed, but 
eating of the food by the Cu-exposed tilapia occurred at slower pace than by the 
controls. The experimental period lasted 28 days. At 2h, 24h, 4d, 14d and 28d 
after the start of the experiment six fish were removed from each tank and 
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quickly anaesthetised in phenoxy-ethanol (Fluka Chemicals, diluted 1:3000 in 
water). At each sampling time, fish were weighed and blood samples taken from 
the caudal blood vessels by means of heparinised capillaries. The plasma was 
separated from the blood cells by centrifugation (3 min, 6000 χ g). Per fish, one 
operculum was used to determine the CC density. Gill arches were collected for 
electron microscopy analysis, and for the determination of the Cu concentration 
and the Na+/K+-ATPase specific and total activities. 
Plasma analysis Na+ 
Concentrations of plasma Na+ was measured with a flame-photometric Auto 
Analyzer (Model IV, Technicon). 
Cu measurement 
Freeze-dried gill arches were weighed, destructed with 0.5 ml of nitric acid 
(65% HNO3 ultrapur, Merck), and diluted to 0.2% HN0 3 prior to Cu analysis. 
Water samples were immediately acidified with 0.2 % (v/v) nitric acid. Cu 
concentrations were measured by AAS 
Chloride cell density 
The operculum was used for CC counting after 2-(dimethyl-aminostyryl)-l-
ethylpyridiniumiodine (DASPEI-) staining as the density of these cells was 
shown to reflect the density of branchial CCs (Wendelaar Bonga et al., 1990; 
Marshall et al., 1993). CC density (n.mrn2) in the opercular membrane was 
assessed by fluorescence microscopy following incubation of opercula in an 
oxygenated solution of 1 mg/ml DASPEI (ICN Biochemicals, Inc., Plainview, 
NY) as originally described by Foskett and Sheffey (1982). 
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Electron microscopy 
Five gill filaments from the second gill arch were dissected and fixed for 
electron microscopy as described by Wendelaar and Van der Meij (1989). 
Samples were prefixed in 3% glutaraldehyde in sodium cacodylate buffer (0.1 M, 
pH 7.4) for 15 min at room temperature. After washing in the same buffer, 
samples were postfixed in a similarly buffered mixture (1:1:1) of 2% osmium 
tetroxide, 3% glutaraldehyde and 5% potassium dichromate for 1 h at 0°C, block-
stained for 1 h in 1% uranyl acetate, and embedded in Spurr's resin. Sections 
were stained with lead citrate and the CCs in the interlamellar areas of the 
filament epithelium were examined in a Jeol CX11 transmission electron 
microscope. The percentages of necrotic and apoptotic CCs were determined on 
the basis of the classification of 50 CC per animal, in groups of 6 fish. These 
percentages were determined for controls and Cu exposed fish at each sampling 
time. 
Determination of N a*/iC-ATPase activity 
The Na7K+-ATPase activity in whole gill tissue homogenate (H0) was 
determined as described by Flik et al. (1983). Freshly dissected gill arches were 
placed in an ice-cold isotonic buffer containing (in mmol'1): sucrose (250), NaCl 
(15), Na2EDTA (0.5), Hepes (5, adjusted to pH 7.4 with imidazole), 2 μΐ ml"1 of 
an aprotinin stock (Sigma, 1,9 mg ml"1 protein, 3.6 trypsin inhibitor units per mg 
protein) and dithiothreitol (1; DTT). The tissue was homogenized with a glass 
Dounce homogenisation device (10 strokes). To remove blood cells, cellular 
debris and cartilage rods, the homogenate was centrifuged for 5 min at 4000 χ g, 
and the supernatant (H0) thus obtained analysed for Na+/K+-ATPase activity. 
Maximum enzyme activity was observed after addition of saponin (0.2 mg.per 
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mg protein) to render the membranes leaky (Verbosi et al. 1994). Protein was 
determined using a commercial Coomassie Blue kit (Bio-Rad) with bovine serum 
albumin as reference. Na7K+-ATPase specific activity was determined as the 
specific release of phosphate from ATP and expressed in μιτιοί P,.h' per mg 
protein. The total activity was calculated as the product of Na+/K+-ATPase 
specific activity and total protein in H0. 
Statistics 
Data are presented as mean values ± standard error (SE). Differences among 
groups were assessed by ANOVA. Subsequently, Student's two-tailed r-test for 
unpaired observations was used to assess significance of differences; 
significanace level was indicated by *: P< 0.05; **: P< 0.01. Linear regression 
analysis was based on the least-squares method. 
Results 
Investigation of the gill structure at the ultrastructural level showed significant 
differences between control CCs (Fig 1) and those from Cu exposed fish (Fig. 2 
and 3). A control CC contains an extensive network of basolateral membranes, 
associated with many mitochondria, some strands of granular endoplasmic 
reticulum, a Golgi area, and a few small clear vesicles in the apical region of the 
cell that is in contact with the ambient water. The apical cell membrane is folded 
into small projections and may be slightly concave or form an apical cavity (Fig. 
1). This type is considered a mature CC. After 14 days of Cu exposure, apoptotic 
CCs show a characteristic sequence of cellular shrinkage and increasing 
osmiophilia of the cellular components, ending in the transformation of each cell 
into one or more compact apoptotic bodies (Fig. 2). Necrotic CCs typically 
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Fig. 1. Mature chloride cell with an apical crypt (arrow), mitochondria (m) and a tubular 
membrane system (t); accessory cell (a); pavement cell (p). Magnification: χ 6000. 
Fig. 2. Gill filament of Cu-exposed fish. Cu exposure leads to a high incidence of macrophages 
with engulfed apoptotic body (a) and apoptotic cell with visible signs of nuclear condensation 
(n). Magnification χ 6000. 
exhibit swelling of the cytoplasm and organelles, which ultimately lead to 
organelle dissolution and rupture of the plasma membranes (Fig. 3). In addition 
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Fig. 3. Necrotic chloride cell exhibiting swelling of the cytoplasm (cy) and mitochondria (m) as 
well as rupture of the cell membrane (arrow). Magnification χ 8500. 
to degeneration of CCs, Cu exposure also induced dilation of the intercellular 
spaces and, in these spaces, a highly increased number of white blood cells in 
particular macrophages and lymphocytes was observed (Figure 2.). Fig. 4 
presents the percentages of branchial apoptotic CCs, Fig. 5 those of branchial 
necrotic CCs in control tilapia and tilapia exposed to Cu for the indicated periods 
of time. Fig. 6 presents the relation between branchial Na+/K+-ATPase specific 
activities and the plasma Na+ concentration of tilapia kept in tapwater (60 nmol.l" 
1
 Cu; controls) or exposed to 3.2 μιηοΙ.Γ1 Cu (expérimentais) over a 28 days 
period. With increasing duration of exposure to Cu, the plasma Na+ levels and 
Na+/K+-ATPase activity concomitantly decreased. Therefore, in the experimental 
animals a significant positive correlation was observed between these parameters 
(r = 0.85, P<0.0001), suggesting a dependence of plasma Na+ levels on the gill 
Na+/K+-ATPase activities. As shown in Fig. 7, the branchial Na+/K+-ATPase 
specific activities of experimental tilapia correlated negatively with branchial 
epithelial Cu content ( r = -0.74; /><0.0001). In Fig. 8, branchial Na+/K+-ATPase 
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Fig. 4. Percentage of apoptotic chloride cells in the gills of tilapia exposed for the indicated time 
periods to 3.2 μηιοΙ.Γ1 Cu (open bars). Black bars are controls. Error bars represent SE (n=6). 
Significant differences as compared to controls are indicated with an asterisk. 
о 
2h 24h 4d 14d 28d 
Time 
Fig. 5. Percentage of necrotic chloride cells in the gills of tilapia exposed for the indicated time 
periods to 3.2 μηιοΐ.ΐ"' Cu (open bars). Black bars are controls. Error bars represent SE (n=6). 
Significant differences as compared to controls are indicated with an asterisk. 
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Fig 6 Relationship between gill Na+/K+-ATPase specific activities and plasma Na+ levels of 
freshwater tilapia Open triangles represent the values of tilapia exposed for different time 
periods to 3 2 μπιοί 1 ' Cu Black dots represent control values The statistics of the regression 
analysis of the data are indicated Only in Cu exposed fish a positive correlation was observed 
between plasma Na+ levels and Na+/K+-ATPase specific activities 
0 200 400 Θ00 
nmol Cu g 'dw of gills 
Fig 7 Relationship between gill Na+/K+ ATPase specific activities and gill Cu concentrations 
in freshwater tilapia exposed for different time periods to 3 2 μπιοί I ' Cu (open triangles). 
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Black dots represent control values The control values are the same as the control values 
presented in figure 6. A significant negative correlation was observed between the enzyme's 
specific activity and the gill Cu content 
a - -0 186 
r - -0 30 
P - 0 Иск 
50 100 200 300 
Chloride cell number (n mm 2) 
Fig 8. Relationship between gill Na+/K+-ATPase total activities (in μπιοΙ Ρ, h ') and opercular 
CC density Na7K+-ATPase total activity was calculated as the product of Na7K+-ATPase 
specific activity and total protein in H„ Open triangles represent the value of lilapia exposed for 
different time periods to 3 2 μιηοΙ I ' Cu Black dots are control values A significant positive 
correlation between the enzyme's total activity and CC density was only observed in the 
controls 
total activities are compared to the number of opercular CCs. In controls a highly 
significant (r = 0.70; P<0.0001) correlation was found, but not in the 
experimental groups, despite the increased numbers of CCs upon prolonged 
exposure to Cu. 
эии 
о 
3 200 
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Discussion 
Previous studies on exposure of freshwater fish to water bome Cu 
demonstrated a time-related loss of plasma Na+ levels in these animals (Lauren 
and McDonald, 1987, Pelgrom et al, 1995) Inhibition of branchial Na+/K+-
ATPase specific activity by Cu, was suggested as a likely cause for this 
phenomenon In the present study direct evidence is given that in Cu exposed 
tilapia the activity of this Na+ pump and the plasma Na+ concentration decrease in 
time and in parallel In line with this contention is the inverse relationship that we 
established between the Na7K+-ATPase specific activity and the branchial Cu 
content 
To the best of our knowledge, this is the first time that such relationships are 
actually reported for fish exposed to Cu The data support earlier conclusions 
from in-vitro studies where it was shown that Na7K+-ATPase is extremely 
sensitive to Cu2+ inhibition, both through non-competitive and mixed-type 
inhibitory effects of the metal on this enzyme (Li et al, 1996) We propose that it 
is this interaction, that underlies a disturbed branchial Na+ uptake indicated by 
hyponatremia in the Cu exposed fish 
Transepithelial Na+ inflow in tilapia gill epitheha depends on the passage of 
Na+ from the water to the blood across two membrane barriers, viz the apical and 
the basolateral plasma membranes Our data show that the Cu2+ induced 
reduction of plasma Na+ levels does not occur instantaneously, but only after a 
lag period This indicates that Cu2+ in the ambient water did not so much affect 
the entry of Na+ in the gill epithelial cells (via interaction with apically located 
H+-ATPase activity or amilonde-sensitive sodium channels, Lin and Randall, 
1995) Apparently, only when the Cu buffering capacity of the cell has been 
surpassed and a critical concentration of free Cu + has been reached in the cytosol 
of these cells, the Na+ pumps in the basolateral membranes become inhibited 
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Although a specific role in Na+ uptake has also been attributed to the pavement 
cells (Lin and Randall, 1995), the results of our study support a pivotal role for 
chloride cells (CCs) in transepithelial Na+ transport. This conclusion is based on 
the positive relationship between the CC numbers and the branchial Na+/K+-
ATPase total activities. In the Cu exposed tilapia, no such relationship can be 
observed, despite the much higher numbers of CCs in these fish as compared to 
controls. Apparently, many of these CCs are not functional because of 
morphological changes. At the light microscopical level, structural effects of 
metal exposure have been reviewed by Mallatt (1985), and at the ultrastructural 
level by Wendelaar Bonga and Lock (1992). 
The effects of Cu on epithelial integrity fall into two broad categories. First, 
the damage of tissue occurs after Cu has accumulated above a certain threshold 
level and, second, tissue repair as a compensatory response to this damage. At the 
relatively high (= 3 μτηοΙ.Γ1) but still sublethal levels of Cu for tilapia as applied 
in our studies, damage may be recognised by a separation of epithelial layers, 
tissue oedema and clubbing of lamellae (and this may coincide with significant 
cell death, easily recognised by ultrastructural analysis); above this 
concentration, cell death becomes very prominent. Two types of cell death are 
recognized, necrosis and apoptosis (Wyllie, 1981; Schwartzman and Cidlowski, 
1993). Extrinsic factors such as mechanical injury, infectious organisms or 
toxicants like Cu, induce necrosis directly, and apoptosis indirectly e.g. by 
eliciting surges of stress hormones. Intrinsic factors such as stress hormones like 
Cortisol and prolactin (and a variety of other humoral substances) induce 
apoptosis. Indeed, programmed cell death is now recognized as a physiological 
mechanism that is part of a genetically controlled program for cell division, 
differentiation and removal of "old" cells in many types of epithelia and tissues 
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(Wyllie, et al., 1980). Apparently, such responses are also associated with the 
repair of gills that become damaged by Cu and must play an important role in the 
process of acclimation. In our experiment, where tilapia are continuously 
exposed to a sublethal, yet rather high, level of Cu, these damage-repair 
processes continued to occur throughout the experiment (28 days), as reflected by 
the elevated number of apoptotic and necrotic CCs. Although Cu is able to 
directly cause cellular damage, indicated by the high incidence of necrotic CCs, 
this metal may also induce apoptosis indirectly via Cortisol that is released when 
tilapia encounters elevated levels of Cu in the water (Pelgrom et al., 1995). 
Cortisol, the main teleost glucocorticoid in fish (Donaldson, 1981; Balm et al., 
1989; Pottinger et al., 1994), plays a crucial role in the acclimation process. For 
instance, this hormone controls the ion transport capacity of the gills by 
increasing the number of CCs (Perry and Laurent, 1992), ion pumps, including 
Na+/K+-ATPase (Flik et al., 1995; McCormick, 1995); and increases the synthesis 
of heavy metal binding molecules such as metallothionein (Roesijadi, 1996). The 
elevated Cortisol levels known to occur in tilapia exposed to 3.2 цтоІ.Г1 Cu 
(Pelgrom et al., 1995) indicate that an adaptive response occurs during this Cu 
stress. In a recent study in our laboratory, it was demonstrated (Bury et al., 1997) 
that addition of Cortisol to a primary culture of gill cells strongly increased the 
rate of apoptosis, without affecting the rate of necrosis. If we may extrapolate 
these results to the present experiment, we could speculate that high Cu levels in 
the water induce necrosis of CCs directly and apoptosis of these cells indirectly 
through the stimulation of Cortisol production. 
Our conclusion that branchial Na+/K+-ATPase is a primary target for Cu 
contributes new to the interpretation of Cu toxicology. Our investigations on 
cultured muscle cells and freshly isolated gill CCs revealed a very similar 
inhibitory effect of Cu2+ as inhibitor of Na+/K+-ATPase compared to that 
ofouabain, the specific blocker of this enzyme. Both inhibitors increased the 
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intracellular concentration of Na+ at the same rate when applied to cells in culture 
(Benders et al., 1994; Li et al., 1997). Inhibition of Na7K+-ATPase activity by 
Cu in the CCs will seriously affect their contribution to transepithelial Na+ 
transport, but inhibition of the 'household' function of Na7K+-ATPase in other 
cells of the branchial epithelium will lead to a further and serious malfunctioning 
of the gills and disturb Na+ homeostasis of the body. 
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SUMMARY AND GENERAL DISCUSSION 
General discussion 
Summary of the main results 
Specific fluorescent probes were used to study mechanisms of 
intracellular Na+ and Ca2+ homeostasis, in particular in branchial chloride cells 
(CCs) of the freshwater Mozambique tilapia (Oreochromis mossambicus) and 
to study the mechanisms of the effects of copper (Cu) on this process. After a 
general introduction into the physiology of CCs, the main ion-transporting cells 
in fish (Chapter 1), we studied the onset of functional CCs during early 
development of tilapia by means of specific vital probes (Chapter 2). Via 
specific manipulation of entry and extrusion pathways for Na+ and Ca2+ in 
freshly isolated CCs, we demonstrated by confocal laser scanning microscopy 
La. a novel tetrodotoxin-sensitive Na+-entry mechanism and the importance of 
the plasma membrane Na+/K+-ATPase and Na7Ca2+-exchanger for the 
homeostasis of intracellular Na+ and Ca2+ levels (Chapter 3). Using cultured 
human muscle cells as a well-defined model (Chapter 4), we demonstrated how 
Cu disturbs the intracellular Na+ and Ca2+ homeostasis. Since the sodium pump 
of the cell is a very sensitive target for Cu2+ inhibition, we then studied the 
kinetics of Cu2+ inhibition of Na+/K+-ATPase activity under conditions where 
the Cu2+ activity was strictly buffered (Chapter 5). In Chapter 6, we studied the 
effects of Cu2+ on Na7K+-ATPase activity in gills of fish that had been exposed 
in vivo to this metal, in relation to plasma Na+ concentration, gill Cu2+ content, 
and CC density and the rate of CC degeneration via necrosis and apoptosis. The 
different aspects of this work are summarized in Fig. 1. 
The following main conclusions were drawn from this study: 
1 ) The concurrent use of specific probes for mitochondria, for glycoproteins in 
the apical crypt and for Na+/K+-ATPase provides a reliable method to 
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identify functional CCs. At very early developmental stages of tilapia, 
functional CCs appear in the gills, as assessed by this approach. 
2) The activities of the Na+/K+-ATPase and the Na7Ca2+-exchanger of CCs 
appear to be involved in vectorial ion transport as well as in intracellular ion 
homeostasis. 
3) Cu disturbs intracellular Na+ and Ca2+ homeostasis mainly via inhibition of 
Na+/K+-ATPase activity, which increases Na+, and subsequently induces the 
Na7Ca2+-exchanger to operate in its reverse mode, leading to a rise of Ca2+!. 
4) Cu2+ inhibits Na+/K+-ATPase non-competitively with respect to the binding 
sites for Na+, K+, ATP or pNPP; the inhibition appears of the mixed-type 
with respect to Mg2+ binding sites. 
5) In tilapia exposed to water-borne Cu, decreased specific and total branchial 
Na7K+-ATPase activities correlated with reduced plasma Na+ levels and an 
elevated branchial epithelial Cu content. The increased CC density in Cu-
exposed tilapia was not reflected in an enhanced Na+/K+-ATPase activity, 
which may be explained by the high incidence of apoptotic and necrotic 
CCs. 
General Discussion 
Functional branchial CCs 
A functional chloride cell (CC) is (ultra-)structurally characterized by an 
abundance of mitochondria, an extensive tubular membrane system with ion-
transporting enzymes, such as Na+/K+-ATPase, Ca2+-ATPase and a 
Na+/Ca2+exchanger, and an apical crypt facing the water (Hootman and 
Philpott, 1979; Flik et al., 1985; Wendelaar Bonga et al., 1990; Flik and 
Verbost, 1993). To identify and quantify CCs in branchial epithelium, probes 
that specifically accumulate in mitochondria (DASPEI or DASPMI; Bereiter-
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Figure 1. Summary of this thesis 
Hahn, 1976) may be used (Wendelaar Bonga et al., 1990; Li et al., 1995; Van 
der Heijden et al., 1997). Since not only functional CCs, but also immature and 
early degenerating CCs contain many mitochondria, all these CCs could be 
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Figure 2. Diagram showing the model for Na+ and Ca2+ Iransport in a CC of freshwater tilapia 
gills (adapted from Marshall, 1995; Flik et al., 1995). For details see text. 
labeled by these probes. Thus, a mitochondrial vital stain alone does not allow 
to discriminate different stages of CCs. However, applying three specific 
fluorescent probes - DASPMI for mitochondria, Con-A-FITC for glycoproteins 
associated with the apical crypt and anthroylouabain for plasma membrane 
bound Na7K+-ATPase - we could conclusively identify functional CCs 
(Chapter 2). In particular, the combination of a mitochondrial stain and Con-A-
FITC as a probe for the water-exposed apical membrane, allows the 
discrimination of mature and immature cells. 
A number of studies on CCs in fish embryos and larvae has been carried 
out (see Alderdice, 1988 and Hwang et αι., 1994 for references). However, 
most of the investigations have focused on extra-branchial CCs, in particular on 
those in the yolk-sac epithelium. Hwang et al. (1994) have reported that ΙΟ­
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days old tilapia larvae had already accumulated Na, К and Ca to levels which 
were 8, 2 and 60 times higher, respectively, than those in the embryo. Clearly, 
for the inward transport of these minerals the animal would require functional 
chloride cells. Hwang et al. (1994) attributed an important role in this ion 
uptake to CCs in the skin near the pectoral fins. However, Ayson et al. (1994) 
demonstrated that at this developmental stage of tilapia, the number of CCs 
present in the yolk-sac epithelium significantly decreased. How then is this 
apparent discrepancy explained? So far, no information was available on the 
presence of CCs in the gills of early larval stages of fish. In the present study 
we found that three days old tilapia larvae already ventilate their gills and that 
the branchial epithelium bears very high densities of CCs (around 6000 cells 
per mm2); at this stage the secondary lamellae are not or as yet only poorly 
developed. The total number of CCs in the gills by far exceeds the number of 
the extra-branchial CCs. Furthermore, the very high Na7K+-ATPase specific 
activity observed in gills of these larval fish confirmed that the branchial CCs 
in freshwater tilapia may already play a role in ion transport already at this 
stage. 
Na+ and Ca + homeostasis in isolated CCs 
Although the mechanisms of branchial transepithelial transport of ions in 
freshwater fish have not yet been entirely elucidated, a model for Na+ transport 
by CCs in freshwater fish is proposed in Fig. 2, which is based on previously 
published data (Marshall, 1995; Flik et al., 1995) and our results presented in 
Chapters 2, 3 and 6 . Na+ uptake from the water is accomplished either by 
apical Na+-H+/NH4
+
-exchange or via an apical Na+-channel driven by the 
proton-motive force of an apical located H+-ATPase (Lin and Randall, 1995). 
Na7K+-ATPase located in the basolateral membrane and the tubular system 
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associated with this membrane, transports excess intracellular Na+ into the 
serosal compartment. 
Ca2+ enters the CC down a steep electrochemical gradient via Ca2+-
channels, and is extruded from the cell into the serosal compartment by an 
energised Ca2+-ATPase and/or a Na+/Ca2+ exchanger (Rik et al., 1995). This 
model formed the basis to study the mechanisms of intracellular Na+- and Ca2+-
homeostasis. Although the cellular total concentrations of Na and Ca in gill 
cells have recently been reported by Morgan and Potts (1995), data on the 
physiologically more important ion activities in gill cells, including CCs, were 
lacking so far. The main difficulty, however, to measure the intracellular Na+ 
and Ca2+ with ion-selective and fluorescent probes in a microscopic study was 
the attachment of freshly isolated cells to a glass coverslip, a prerequisite for 
such studies. We succeeded in attaching freshly isolated CCs to glass coverslips 
using Cell-Tak, which enabled us to measure the intracellular Na+ and Ca2+ 
concentrations in these cells. The [Na+], measured in both CCs and PCs (around 
10 mM) is about 20% of the total [Na] in the cells (Wood and LeMoigne, 1991; 
Eddy and Chang, 1993; Morgan et al., 1994), and appears well in line with a 
Ko 5 of Na7K+-ATPase for Na+ of 9.9 mM in tilapia and trout (Flik et al., 1996; 
1997) gill membranes. Our data on [Ca2+], in the CCs and the other major cell 
type in the branchial epithelium, the pavement cells (PCs), correspond to those 
reported for a variety of other vertebrate cell types. The [Ca2+], of about 100 
nM for CCs is consistent with the operation of the ATP-driven calcium pump in 
the plasma membrane, which has aK 0 5 for Ca2+ of around 100 nM (Flik et al., 
1995) and the Ko5 for Ca2+ of the (SERCA-type) Ca2+-ATPase in the 
endoplasmic reticulum of these cells (Flik et al., 1995); for enterocytes of the 
same species similar values for Ca2+, were found (Schoenmakers et al., 1992). 
We conclude that freshly isolated cells control basal [Na+], and [Ca2+], at a 
physiological level. From these observations we proceeded to study some 
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aspects of cell physiology. The increase in [Na+], after addition of the specific 
Na+/K+-ATPase inhibitor ouabain indicates that this sodium pump plays a 
crucial role in Na+, homeostasis. The partial blockage of the Na+ entry by TTX, 
amiloride and the combination of both suggest that Na+ can move into CCs 
along at least three pathways other than the Na7Ca2+ exchanger: a TTX-
sensitive Na+ channel, an amiloride-sensitive Na7H+ exchanger, and as yet 
undefined Na+ pathways. A similar set of Na+ entry routes has been described 
for cells obtained from other transporting epithelia (see review of Watsky et al., 
1991; Lin and Randall, 1995). At present, we have no data to identify the sites 
of the effects of these pharmaca, and therefore we do not know whether they 
affect targets in the apical or the basolateral membrane domain of the CC. 
The Na+/Ca2+ exchanger has been demonstrated in the plasma membrane 
of tilapia (Verbosi et al., 1994) and trout gills (Flik et al., 1997) and at the cell-
physiological level electrochemical conditions favor a role for this carrier in the 
extrusion of Ca2+ from CCs. In our study, a similar role for the Na7Ca2+-
exchanger is indicated at the intact cellular level by two observations. First, the 
rapid Ca2+-influx caused by removal of extracellular Na+, and the dependence 
of this influx on extracellular Ca2+, strongly favor the interpretation that the 
Na+/Ca2+ exchanger operated in this case in the reverse mode. Second, the 
Na+/Ca2+ exchange blocker bepridil increased Ca2+, (Chapter 3). 
In conjunction with the ion transport model shown in Fig. 2, we conclude 
that Na+/K+-ATPase activity and the Na7Ca2+ exchanger play a pivotal role in 
the extrution excess Na+ and Ca2+ from the CC, respectively. In addition, these 
mechanisms may also be involved in active transport of these ions in freshwater 
fish. However, our data do not allow us to discriminate specific roles of these 
mechanisms in either intracellular ion homeostasis (i.e. housekeeping) or 
vectorial transport of ions. 
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Copper toxicity on ion homeostasis in fish and its mechanisms 
Exposure of freshwater tilapia to Cu leads to a loss of plasma ions, in 
particular of Na+. This effect is generally ascribed to structural and functional 
damage of the gills and is associated with accumulation of Cu in the organ 
(Mallatt, 1985; Pelgrom et al., 1995). A loss of Na+ can not be explained by 
inhibition of uptake of Na+ only: reduced plasma Na+ levels can be explained 
by stimulation of the passive Na+ efflux across the gills (Na+ efflux is relatively 
high, also under control conditions) as well as by inhibition of the branchial 
Na+ uptake mechanisms or combination of these effects. In freshwater fish, the 
uptake of Na+ from the water has been attributed to CCs (Marshall, 1995). After 
exposure of fish to Cu, the correlation between the depression of plasma Na+ 
and the decrease in Na+/K+-ATPase activity in the gills indicates CC damage, 
which was confirmed by the observation of a high rate of CC degeneration 
(Chapter 6). As we have demonstrated in Chapter 2, the Na+/K+-ATPase 
activity in tilapia gills is positively correlated with CC density. Also the activity 
of branchial Na+/K+-ATPase, the enzyme concentrated on the tubular 
membrane system of CCs, is reduced by Cu (Lauren and McDonald, 1987; 
Pelgrom et al., 1995). This reduction may be caused by the enhanced 
degeneration of the CCs and/or by specific inhibition of the enzyme by Cu that 
has entered the cytosol. 
As discussed above, Na+/K+-ATPase is a key protein in the physiology of 
the CC. Consequently, inhibition of this enzyme induces serious cellular 
dysfunction (Kramer et al., 1986). Indeed, we found that Cu increases 
intracellular Na+ in both CCs and human muscle cells, mainly via direct 
inhibition of Na+/K+-ATPase activity. Upon inhibition of the sodium pump, the 
prevailing conditions will drive the Na+/Ca2+-exchanger in its reverse mode 
eventually leading to a rise of [Ca2+],. A similar sequence of events that disturbs 
cellular ion homeostasis has been described as the mechanisms proceeding 
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programmed cell death (Orrenius et al., 1989). Furthermore, our kinetic studies 
of Cu2+ effects on purified rabbit renal Na+/K+-ATPase provided strong 
evidence that the enzyme is very vulnerable to Cu2+, as is reflected by an IC50 
value of 0.1 μΜ Cu2+. The results of our kinetic analyses showed further that 
the inhibition of Na+/K+-ATPase by Cu2+ may result from three types of 
interactions of this metal with the enzyme: 
- first, Cu2+ competes with free Mg2+ at a Mg2+-binding site, thereby 
directly affecting the Mg2+-dependent steps like the phosphorylation of enzyme 
(dependent on a tight binding of Mg2+); 
- second, because ATP has a higher affinity for Cu2+ than for Mg2+, Cu2+ 
directly interferes with the formation and subsequent utilisation of the Mg-ATP 
required by the enzyme; 
- third, Cu2+ non-specifically occupies essential functional catalytic 
groups, such as SH-groups of the enzyme and may thus interfere with 
conformational changes of the protein, essential for ion translocation. 
However, we recently demonstrated that copper, when applied to 
branchial filament expiants in vitro (a primary cell culture consisting of 
branchial pavement cells), promoted cell death by necrosis, but not by 
apoptosis. This indicates that the increased rates of CC apoptosis observed 
after in vivo exposure of the gills to Cu are an indirect effect of the metal. This 
effect may be mediated by the stress hormone Cortisol, since at the high 
concentrations typical for stressed fish this hormone stimulated apoptosis (and 
not necrosis) in branchial filament expiants (Bury et al., 1997 in press). Cu is 
known to increase circulating levels of Cortisol when the fish are exposed to 
this metal in the water (Pelgrom et al., 1995). Thus our studies show that Cu not 
only inhibits the sodium pump via direct interaction with the protein, but also 
induces degeneration of the CCs, possibly as a result of its toxic actions on the 
Na+/K+-ATPase and by doing so may upset ion transport in the gills. Since the 
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CCs are involved in the exchange of several ions other than Na+, such as Ca +, 
СГ, HCO3 and H+ (Flik et al., 1995, 1997; Marshall, 1995), Cu will not only 
affect the sodium balance but also hydromineral regulation in general, as well 
as acid-base balance. 
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